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COMPUTER PROGRAMS FOR PRESSURIZATION (RAMP) AND PRESSURIZED
EXPULSION FROM A CRYOGENIC LIQUID PROPELLANT TANK
by Philip A. Masters

Lewis Research Center

SUMMARY

An analysis to predict the pressurant gas requirements for the discharge of cryo-
genic liquid propellants from storage tanks is presented, along with an algorithm and two
computer programs. One program deals with the pressurization (ramp) phase of bring-
ing the propellant tank up to its operating pressure. The other program deals with the
expulsion of the liquid at a uniform pressure. The method of analysis involves a numer -
ical solution of the temperature and velocity functions for the tank ullage at a discrete
set of points in time and space. The input requirements of the program are the initial
ullage conditions, the initial temperature and pressure of the pressurant gas, and the
time for the expulsion or the ramp. Computations are performed which determine the
heat transfer between the ullage gas and the tank wall. Heat transfer to the liquid inter -
face and to the hardware components may be included in the analysis. The program out-
put includes predictions of the mass of pressurant required, the total energy transfer,
and the wall and ullage temperatures.

The analysis, the algorithm, a complete description of input and output, and the
FORTRAN IV program listings are presented in this report. Sample cases are included
to illustrate the use of the programs.

INTRODUCTION

Planning for space vehicle and mission requirements necessitates continuing opti-
mization of propellant tank pressurization systems. This optimization is realized in an
accurate determination of pressurant requirements for any given set of operating param-
eters, such as tank pressure, inlet gas temperature, liquid outflow rate, and tank size.
This knowledge will allow the design of a system that carries only the weight (pressurant
gas and associated tankage) necessary to accomplish the mission.



The analysis in reference 1, which is the basis for this report, provides a selected
set of simplifying assumptions to predict the quantity of pressurant gas required during
the pressurized discharge of liquid hydrogen. Evaluations of pressurant gas injectors
based on this work are made in reference 2. These evaluations deal with small-scale
tests made in a 0. 82-cubic-meter (29 -ft3) cylindrical tank. The reference 1 analysis
proved to be adequate (within +10 percent) in predicting the pressurant gas requirements
even though two of its major assumptions were shown to be invalid - namely, no heat
transfer to the liquid surface and no mass transfer.

The purpose of this report is to revise and extend the analysis of reference 1 to in-
clude the energy transfer occurring at the gas-liquid interface in tanks of any arbitrary
symmetric shape. The analysis was also modified and extended to cover the initial pres-
surization (ramp) period. The major limiting assumptions still remaining from the orig-
inal analysis are one-dimensional flow and the exclusion of mass transfer.

The algorithm developed in the analysis employs numerical solutions to the gas tem-
perature and velocity functions for the tank ullage at a discrete set of points (in space and
time) called net points. Two separate computer programs, coded in FORTRAN IV, are
given (each based on the use of a single-component pressurant): one for the pressurized
expulsion of a cryogenic (single component) liquid from an axisymmetric storage tank,
and the second for the pressurization (ramp) period which may precede an expulsion.

The programs are used independently, although they may be coupled together to predict
pressurant gas requirements as well as the ullage gas temperature distribution and the
adjacent tank wall temperature distribution for the entire pressurization cycle.

Although prior knowledge of the operating conditions for a fluid system is needed for
an analysis, the use of the analytical programs does not necessitate that experimental
data derived from prototype systems be available,

The validity of the analysis presented herein has been verified in references 3 to 6
for 1.5- and 4 -meter (5- and 13-ft) diameter spherical tanks using either gaseous hy-
drogen or helium as the pressurant over a range of inlet temperatures, tank pressures,
and outflow rates. The predicted pressurant requirements for the expulsion period, for
all cases, were 7.0 to 12.4 percent of the measured (experimental) values. The pre-
dictions for the ramp phase were +0. 5 to +16. 0 percent of the measured values.

The analysis, the algorithm, a complete description of input and output, and the
FORTRAN IV listing are given in this report. Sample cases are included to illustrate
the use of the programs.

ANALYSIS

The general method of analysis is developed in reference 1 and briefly summarized
here. The general analytical model is shown in figure 1. It is based on an application of
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the first law of thermodynamics to the fluids and materials within a cryogenic-liquid
storage tank which has the pressure history shown in figure 2. The first law is repre-
sented by a general energy equation which is coupled with a transformed, one-
dimensional equation of continuity. Substitutions involving the equation of state and the
equation of heat transfer are made to effect the transformation.

In the analytical model shown in figure 1, the ullage volume in a partially filled liq-
uid propellant tank is divided into a set of volume elements. This is done by establishing
a series of equally spaced net points along the vertical axis of the tank to the liquid inter-
face. In each volume element, convective heat transfer from (1) gas to wall, (2) gas to
liquid, and (3) gas to internal hardware is treated in a steady-state manner by an equa-
tion which expresses gas temperature as a function of velocity and position.

The analysis treats the ullage as a single-component gas. For the ramp program,
the ullage pressure is made functionally dependent on a discrete set of pressure-against-
time coordinates which is submitted as part of the input data. The initial set of net
points remains fixed throughout the ramp period and the hold period which may follow.
For an expulsion, liquid propellant is expelled, as pressurant gas is added, to maintain
the pressure within set limits in the ullage. A new net point is added to the ullage for
each time increment necessary to advance the liquid interface as the liquid is discharged.

To determine a unique solution to the velocity and temperature functions at each net
point, initial and boundary conditions are specified. These conditions are described fully
in the section INPUT-OUTPUT REQUIREMENTS.

The form of the energy equation used in the analysis in reference 1 and modified to
account for both arbitrary symmetric tank shapes and internal tank heat sinks may be
written as

T -
MPC
st rMPC/

1/2 - .
21"< = RTZ Q Q
2h . ZRT Ty - T |1 +(dr> VT 1 P, “H L (1)

— +
dx ox JMPCp ot VpCp VpCp

where

TW temperature of tank wall

QH heat-transfer rate to internal hardware
QL heat -transfer rate at liquid interface

(All symbols are defined in appendix A.)

By a substitution involving the equation of state, the one-dimensional equation of
continuity is transformed into a functional relation involving the velocity of the ullage gas
as a function of temperature and position. For the one-dimensional expression of
continuity,



2 (pVA) + 2 (pA) =0 (2)
ox ot

The substitution A = 1rr2 is made, where r is the position radius at location x along

the vertical axis. The expression for density from the equation of state p = MP/ZRT is
also substituted:

= 2
P a_(ﬂ'_)+ r? _a_(£>= 0 (3)
ox \ZT at \ZT

The following velocity equation is obtained after performing the partial differentiation
and after rearranging terms:

.?Y: l+la_z
ox T ZZ)TP

Each of the bracketed terms may be simplified by differentiating the equation of state
while holding the pressure constant and again while holding the temperature constant.

T V oT 1[0z 1|aP 2V or
oL YRy 1(22) 1|k _Vor (4)
at ox Z\oP)p P

Zl=Z+T(a—Z> (5)

oT/p

zz=z-P(a_Z> (6)
3P,

When the expressions for Z, and Z, are substituted into equation @),

______ (7

ox ZT

W _% (aT+VaT) Zy P 2V ar

ot 0xX

where the final term on the right is the contribution of the tank curvature.
The heat-transfer equation at a point in the tank wall can be written

T h q
W - C W
(T - TW) +

& lyrwCw LwPwCw

(8)

where qw is the rate of heat addition per unit area to the tank wall from outside the
tank.
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The equations contained in the analysis are too complex for a closed-form solution.
The numerical method used here and described in the algorithm is brought about by ap-
proximating the differential equations by algebraic equations. For example, the pre-
ceding equation is approximated by

T . - Tw - h q
W,i = "W,j_ c (T; -T! )+ W (9)

] w,]

where the prime refers to the new value of the variable. Solving the equation for T\'JV j

gives
At \* ¢ *
T\'JV j= 1 Ty i+ ———-hc T]f + _tw (10)
’ h_ At * ’ ?waCwj lewaj
14—
LwPrwCw/,

]

where the quantities marked with the asterisk may be evaluated at the beginning or the
end of the time interval. The subsequent algorithms will proceed to show the transfor-
mation resulting when T\')V, . from equation (10) is substituted into the algebraic approxi-
mation of equation (1). The solution of the resulting transformed equation is coupled to
the algebraic approximation of equation (7), and the solution techniques are described.

There are two parts to the algorithm in each computer program. The preliminary
part deals with input data and problem definition. The main computation part is con-
cerned with the determination of the amount of pressurant gas added during the expulsion
or pressurization period.

The region of the distance-time plane in which the solution is carried out is defined
by a set of net points equally spaced along the vertical axis. The entire set of net points
is based on an assumed value of a specified number in the initial ullage. From experi-
ence, an assigned number of 5 to 6 net points per decimeter (15 to 20 net points/ft) of
ullage is satisfactory for nearly all situations and generally provides the desired accu-
racy for a reasonable computer execution time. Too many net points in the initial ullage
may result in using all the available storage for the variables before the expulsion is
completed.



CALCULATION PROCEDURE
Expulsion Algorithm

A step-by -step description of the basic calculation procedure is given here. Steps 1
to 6 refer to the program listing shown in appendix B under PRELIMINARY COMPUTA -
TION. For the solution to proceed, a set of boundary and initial conditions is required.
These conditions are specified in the section INPUT -OUTPUT REQUIREMENTS. Steps 7
to 17 describe the main computation and the results. Figure 3 gives a logic diagram for
the expulsion algorithm. A listing of the expulsion program is given in appendix B.

Step 1: make units conversion, make geometry calculations, and interpolate initial
wall and gas temperatures and specific heats. - The program is structured so that, at
the user's option, the input data are printed out in SI units or in U.S. customary units.
First-value parameters are set equal to zero, and values for the constants are computed.
The space between the points is established by setting the initial number of net points for
the designated initial ullage.

Step 1A begins with a logic statement which provides three basic options to the pro-
gram user. For a cylindrical tank, the radius is specified. Under this option the pro-
gram solution is based on a tank with hemispherical end sections joined to the cylindrical
midsection, as would be specified in the input data. If the end sections are not hem-
ispherical, the radius is set equal to zero. Input coordinate values are specified (see
Group II data in section INPUT-OUTPUT REQUIREMENTS), and the program interpolates
the radius for each volume element. The same procedure is followed for spheroidal
tanks; however, for a spherical tank, the tank radius is set equal to -1 and the coordi-
nates for each volume element are determined from the tank diameter specified in the
input (group I data).

Figure 1 establishes the program model and the tank configuration on a set of co-
ordinate axes. The total number of points selected for the ullage is part of the input
data. Although each point is located at the center of its element, each variable asso-
ciated with the point is representative of the entire element. The distance separating the
points, once fixed at the start, remains constant for all points throughout the run time.
The first boundary point is at the top of the tank, where x = 0. The other boundary point
is at the liquid-vapor interface, and each boundary element is one-half the thickness of
the other elements. For an expulsion the interface is advanced one point for each time
step, which is determined by the propellant discharge rate,

AN,
M,

Py,

dt = dx (11)




For a spherical tank, the radius and flow area for each volume element at the
point j are

B 9\0.5
r]. —<ij - Xj> (12)

Aj = TX; (D - xj) (13)

The tank weight for the configuration is approximated by the relation

9]0-5

- Ar
My = 21 AX leer 1 +<A_) (14)
*/j

The wall thickness ZW is evaluated by the interpolation subroutine from the discrete
values of wall thickness as a function of distance from the top of the tank.

At the initial time (t = to) the gas temperatures and the wall temperatures as well as
the specific heat for each net point in the initial ullage are defined based on a linear inter-
polation of the input data in step 1C.

Step 2: compute initial values of heat-transfer coefficients. - Gas transport prop-
erties at the mean of the gas and wall temperatures for each net point are computed and
the free-convection correlation

h. =% nGrpr)™ (15)

Cc

il ke

is employed to evaluate the heat-transfer coefficient at the point. Program options allow
for input of multiplier n and exponent m. The effect of the flow length L is canceled
when the default value of 1/3 is used for the exponent since the length L is raised to the
third power in the Grashof parameter. The pressurant gas properties are included for
the subroutines where the computation is made; however, the coefficient hC may be
specified as a constant for an entire run.

Step 3: compute initial values of qw, Q (internal hardware), P, and AP/At. -

The outside-wall heating rate, the inside-hardware heating rate, the tank pressure, and
its first time derivative are initialized. Typical values in references 3 to 6 are

qw =10 W/m2 (. 0009 Btu/ftz-sec) and Q= -8.7 W/m (-0.0025 Btu/sec-lineal ft). A
subsequent option under step 9 is provided in which the energy transferred to the internal

tank hardware is computed. The hardware component temperatures are initialized here
if the option is taken. If the option is not taken, positive input data values are negated in
the program.



Step 4: compute initial value of compressibility factor and then its derivatives which

are needed in continuity equation. - The local compressibility factor for the gas temper -
ature and tank pressure, as well as its derivatives, is defined. The equation of state for

a real gas is commonly written in terms of a compressibility factor Z(P,T)

ZRT

1
p P

Upon differentiating and holding pressure constant,

o1\ - R |z, 7(%%
T \p p MP aTP
Z+T(a—z) =
aTP

Differentiating again but with respect to P, holding T constant,

where the expression

I
N

where

Z-P(E) EZ2
BPT

(16)

1m

(18)

(19)

(20)

Step 5: compute initial values of local ullage gas velocities. - The parameters and
temperatures evaluated in the previous steps are introduced into a substituted form of
the continuity equation. This is obtained by substituting equation (1) into equation (7) and
noting that QL is zero at time t1 = 0. The equation is first solved at the point adjacent
to the interface, and the solution is continued from point to point to the top of the tank.
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The differential equation (eq. (25), ref. 1) has been modified here to include spher-
ical tanks and approximated at net points (xj, tl) by

1 2th1R . 2th1R TW,]' +TW,j+1 _T]. +Tj+1
2

rMPC rMPC 2 2
P/; P75

j+1 l_

1/2 2 .
<l <§r)2 1 ( RZ]  Zy\ op RZ\Qy RZQ gy ar
+ + L|————— -2 =
9

— — - ==+ +
X MPZCpJ Zp] At 2 2

mr°MpC,. mr?Mpc, T AX
p p j
. : :
RZy _Z\ap, ®%%  R%%  gvar

- ._¢ + -t = (21)
MPZCpJ ZP/ At ﬂrzﬁPCp TrrleIPCp r Ax

+

j+1

Step 6: find gas in ullage at time zero by a numerical integration over ullage density
profile. - The mass of the volume elements in the initial ullage is totaled. Since the in-
terface is located at the center of its volume element and the first net point is a boundary

condition, by definition, only one-half the masses in these two elements are included in
the total.

Ny

My = pdV e ), py AV, (22)
VU n=1

where p ={(T _, P).
Step 7: compute initial calculations. - All necessary input data required for the
main part of the calculation are now available. The identification of key parameters,

along with input and boundary conditions, is important when the output results are
reviewed.

Step 8: find temperatures at new time. - When T{V i from equation (10) is substi-
tuted for the value of Ty, in equation (1), ’

. *

— Oy At -

T]gz+ aj* (1+V.*A_t-w’.k>_TW._ W N i oV At g 1+T.)=0 (23)
VT A SI Vo I e B B N e S

j

The equation is equation (C1) in references 3 to 6, in which the quadratic is eval-
uated for the gas temperature Ti beginning with the second net point (j = 2) at the



top and the value for Tf_l as the boundary value. The solution to this equation is
repeated from point to point until all the ullage temperatures are computed. The value
of Tj'_1 is always the temperature evaluated at the previous point for the new time. The
variable T]. is the temperature evaluated for the point at the previous time.

The program computes the real positive root of equation (23) by use of the quadratic
formula. The wall temperature T\'N,' is also computed under step 8 by equation (10),
and the value required for T].' is obtained from the gas temperature quadratic (eq. (23)).

Step 9: evaluate energy transfer to internal hardware. - A program option is pro-

vided in which the energy transferred to internal tank hardware may be computed, The
computed value for step 9 would default any input value. The new hardware temperatures
are computed by using the relation

' G,j” "H,j
T, =h Rt X I X I . 2
H C,HAH (MC At + TH,] (24)
Vi
The heat transferred is then
N
1 4
AQ) = ]=Z1 hH,j(AH, l)j(TG - Ty, l)j At (25)

If four hardware components make up the hardware, the average heat-transfer rate is

te
| > (8Q) + 4Q} + 4G4 + AQ))
Qg =2 (26)

tf -ti

Step 10: find compressibility factors at new time. - In step 10 the compressibility
factor and its derivatives are reevaluated based on the new gas temperatures computed
in step 8.

Step 11: find velocities at new time. - The new gas velocities are reevaluated by
using the new temperature profile and compressibility factors. The finite difference
form of equation (4) is used. Although the ullage temperatures are computed starting at
the top of the tank, the velocity equation is used to calculate the ullage gas velocity
starting with the point Ny (in fig. 1) near the interface. The velocity at the interface
N_, the boundary value, is determined from the propellant discharge rate which is part
of the input data.

10




z' Z-\ T.
TV, (=) 2 -T2 e -
j+1 - szt ¥ '\z/ P At

v, = ! (27)

t
) 7.\’
' 1 AX Ar
. — T - 222TH =
T] +<Z>] (T ]+1 ) rj ](Ax)

Step 12: find heat flow rate to wall and total heat added to wall; find gas flow rate
and total gas added up to new time. - The heat transfer to the tank wall is computed by

using the relation

Q= MWCV,W AT

] 0.5
Q= > = |14 arY (T . - Tw )k (28)
j A%l W,i TW,iT0
j

For the elapsed time t1 -'tz, the wall temperature changes from TW j -—T\'N j and

In step 12, the mass of pressurant in the tank is dependent on the outflow time as
well as on the pressurant gas temperature and pressure. The mass of gas in the tank at
any time t during outflow is based on a summation of the mass in all the volume ele-
ments in the ullage. The initial mass calculated at the start is subtracted, and the differ-
ence represents the pressurant mass added up to time t.

N,
1
= pdV - pdvﬁ'zpn NG anAVn (30)
n=1
t=i

An alternate method for determining the flow of pressurant into the tank is provided.
The GASCHK parameter measures the velocity of the pressurant passing by an arbitrary
area element near the top of the tank. With the gas density evaluated at the element, the
mass flow into the tank for a given expulsion is summed over the entire expulsion time.
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(pnAn) At (31)

Step 13: find specific heats at new time. - The wall and gas specific heats from the
top of the tank to the interface are evaluated at the new temperatures.

Step 14: find heat-transfer coefficient at new time. - In step 2 the use of the free-
convection correlation is described. The gas-to-wall heat-transfer coefficient is ob-
tained from the same correlation in step 14. This correlation is used for the conditions
outlined in references 1to 7. Reference 8 verifies that the gas-to-wall heat-transfer co-
efficient is in the free-convection regime for a helium expulsion experiment but reports
that it is definitely within the forced-convection regime for oxygen test data. In step 14
this heat-transfer coefficient has been extended to include two component effects, if de-
sired: a forced-convection component, as well as a natural-convection component. The
following equations represent the manner in which reference 8 relates both convection
components:

Free-convection correlation:

_ 2
BW =0.00117r (32)
k m
h, == n(GrPr) (33)
L
Forced-convection correlation:
. 1/3
h,r 0.8/C u
"™ _ o o6 (TM (_> (o)
k Adp k
_wa
hg,W= hC +h0e (35)

The last term in the combined equation represents the diminishing effect of forced con-
vection as the distance x increases from the pressurant distributor.

The development of the gas-to-liquid heat-transfer coefficient is given in appendix B
of references 3 to 6. It was shown that the conductance across the gas-liquid interface

is similar in form to the empirical relation for free-convection flow across a horizontal
surface,

hc LL
Nu =_%» = 0. 14(GrPr)™ (36)
k
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This equation, with a value of m = 1/3, is used in step 14 to coincide with the references
cited. The heat transferred to the liquid is given by

Q= be 1An(Ts - Ty, (37)

in which T 5 is a representative temperature at the edge of the thermal boundary layer.
For hydrogen or helium pressurant over liquid hydrogen, T 5 was determined exper-
imentally to average 1.3 times the adiabatic compression temperature given by

(y-1)/y
P
0

Although the magnitude of QL is computed from a AT representing a gradient across
a gas-liquid interface, the energy transferred to the liquid is represented in the energy
equation (1) as being uniformly derived from the entire ullage.

Step 15: check to see if end of time has been reached. - The time increment is com-
puted from the displacement of the interface to the succeeding net point. The time incre-
ments are summed to give the elapsed time, which is compared to the time specified for
the discharge.

Step 16: end of time exceeded - interpolate conditions at end of time. - When the
sum of the time steps has exceeded the specified discharge time, a back interpolation of
the computed values is performed to comply with the end of time specified for the
discharge.

Step 17: write out results. - The subroutine WRITE 2 is called and the computed
values are printed.

Pressurization (Ramp) Algorithm

A separate computer program determines the mass of pressurant added, as well as
tank wall energy requirements, during the ramp and hold periods. The same equations
that describe the expulsion period are also applicable for the ramp and hold periods.
Even though experimental results (refs. 3 to 6) indicate relatively large amounts of mass
transfer during this period, mass transfer and heat transfer to the liquid are not included
in the analysis because of the added complexity of the transport process occurring at the
interface. A logic diagram for the ramp algorithm is given in figure 4.

The analysis computes the gas temperatures in the ullage at any time during the
pressure rise (and hold period) from the gas energy equation. The corresponding gas

13



velocities are computed from the equation of continuity. An iterative technique is used
here which describes how convergence is achieved in the solution for velocity.

The predicted mass of pressurant added is based on a summation of the mass of the
volume elements by assuming a one-component ullage consisting of 100 percent pressur -
ant at the end of the ramp and hold periods after subtracting the initial mass at the start.
This is explicit for an autogenous pressurization system, for example, where pressur-
izing gas is derived from an engine jacket bleedoff. For a nonautogenous system, {
where the pressurizing gas differs from the propellant, a two-component ullage mixture
is encountered once ramping is initiated. For a two-component mixture, the contribution
to the final pressure by the component gas in the initial ullage is evident from the heat of
compression. On a molar basis, the programmed procedure for obtaining the mass ad-
dition by the difference of the assumed single-component pressurant in the initial ullage
from that in the final ullage would still appear satisfactory. This assumption is verified
in references 5 to 7.

Steps 1to 7: These steps follow the procedure described in the section Expulsion

Algorithim, with the exception that hardware component temperatures are not initial-
ized under step 3 since this computational option is not provided. A program listing for
the ramp program is provided in appendix C. .

Step 8: find temperature at new time, find miscellaneous quantities (QH and ('1W) at

new time, initialize an estimate for velocity. - The inlet gas temperature representing
the upper boundary temperature is defined for the time t > 0. Likewise, the value of the
saturation temperature is defined for the time t >0 and is made equal to the lower gas
boundary temperature at the interface. The boundary wall temperature at the interface
is made equal to the bulk propellant temperature,

The option to compute heat transfer to the internal hardware QH is not included
during the ramp, since this effect during the ramp period is generally small. However,
a substituted value for this parameter as well as the outside wall parameter (heat leak
rate) dW may be made a part of the input data.

The initial gas velocity distribution used in sclving the temperature function at each
net point for each new time t is obtained from the previous time as follows:

(39) ‘

|
A solution to the ullage temperature function (expressed as a quadratic in the expul -

sion analysis) under the conditions encountered during ramp proved to be extremely
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difficult. When the initial wall temperature distribution in the ullage was greater than
the gas temperature distribution, heat transfer from wall to gas resulted in negative ve-
locities, which made it impossible to evaluate the function. A satisfactory method is
achieved, however, when the velocity at the net point V. is eliminated from the func-
tion. Substituting the velocity function for \_/'.* into the quadratic results in the following
cubic equation (appendix C of refs. 3 to 6):

|
Z Z
1 ' * At 1\ Ax * At =1 * At '
A—=]T. . —) =T. - 0. — T. . ) -a. T. —Db.|T.
+c]( > ]+1+a () T] o T]_l(V+1+d]) a]T]Axb] T]
]

1
Z Z
x At{71) Ax ' * 1 '
-0, —|—) =—=T.T. ;, - a. T.| —] T,
o Ax<Z>j ~ TiTj-1 o T]<Z> 41 = =0 (40)

The main purpose of step 8 is the evaluation of the preceding equation. Unlike the
method employed in the expulsion program, the cubic equation is solved numerically by
the Newton-Raphson method.

)
<T1'>f - ( j)i HT_)I

i)

(41)

where F(T.') represents the cubic function evaluated for the temperature T at the new
time (') for the point j. The term F (T ) is its first derivative. The subscript i for
T] represents the initial or previously evaluated temperature in the iterative process
and Tj A is the new value, which has converged closer to the true value (see fig. 5).

Step 9: find heat-transfer coefficient at new time. - Step 9 computes the gas-to-wall
heat-transfer (natural convection) coefficient. Steps 9 to 11 together allow for the deter -

mination of the thermodynamic and transport properties as a function of P and T in the
subroutines,

Step 12: find velocities at new time. - The velocity equation used to calculate ullage
gas velocity starting with the point NV (fig. 1) is the same equation employed in step 11
of the expulsion algorithm. The boundary value of the velocity at the interface, point
N_, is zero with no expulsion. Figure 5 shows the iteration scheme by which conver -
gence is achieved in the solution of the gas energy and continuity equation.
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The ullage gas velocity is calculated from point to point until the top of the tank is
reached. The new velocities are used in the cubic equation in step 8 along with the pre-
vious values of Tj'+1’ and the temperature distribution is redetermined. This process
is repeated until the computed velocities are essentially unchanged from those computed
in the previous iteration. When convergence is achieved over the entire ullage, the time
is then advanced to ty and the process is continued as shown in figure 4.

Step 13: find gas flow rate and total gas added up to new time. - Generally, the
ramp rate is not accompanied by tank outflow. In step 13, the mass of pressurant in the
tank is dependent on the pressurant gas temperature and pressure as a function of ramp
time. The mass of gas in the tank at any time t during the ramp is based on a sum-
mation of the mass in all the volume elements in the ullage. The initial mass calculated
at the start is subtracted, and the difference represents the pressurant mass added up to
time t

N; N,
My = p dv - pdV'zZ pnAVn—z:pn AV, (30)
i-f n=1 n=1
t=f t=i
Yy Yy

t=f t:o

An alternate method for determining the flow of pressurant into the tank is provided.
The GASCHK parameter establishes a velocity for the pressurant passing through the
second area element from the top of the tank. With the known gas density at the cross
section, the mass flow into the tank during the ramp is summed over the entire ramp
time. This method generally did not give good agreement with the computed mass de-
rived from the integration of all the volume elements

M 3 () o) o @

t=i,f ©

Step 14: find heat flow rate to wall and total heat added to wall. - This step follows
the description for step 12 in the expulsion program.

Step 15: check to see if end of time has been reached. - The time increments are
summed to give the elapsed time, which is compared to the specified time for the ramp
or hold pressure. Ingeneral, ramp has never been experienced with significant tank
outflow. However, this possibility does exist, and the time step would then become a
function of the discharge rate. Under this condition, the procedure outlined by this
step becomes severely constrained. The time involved for the interface to advance to
the next point is in many instances too great and results in a serious discontinuity.

16



Nevertheless, the option to include tank discharge during ramp is provided and may be
considered as an extension of the expulsion program with an iteration scheme which may
provide some utility for a pressurization system under study.

Step 16: end of time exceeded - interpolate conditions at end of time; and step 17:
write out results. - In essence, steps 16 and 17 follow the corresponding steps of the ex-

pulsion program.

SUBROUTINES
The subroutines, which are common to both the pressurization and expulsion pro-
grams, are listed in appendix D.
Subroutine SINTS
SINTS is a subroutine which allows the user the option to program in SI units. This
subroutine converts the input data in SI units to the units required by the program.
Subroutine SPHEAT
The ''specific heat'' subroutine SPHEAT provides 15 storage locations representing
a set of 15 discrete values of specific heat as a function of temperature (°R) for the ves-
sel wall, as well as a set of 15 values of specific heat (Btu/lbm-oR) as a function of tem-
perature (OR) for the pressurant gas. These data may be substituted to fit the problem
definition. The program interpolates values between the points.

Subroutine WRITE 1

Subroutine WRITE 1 contains the statements which print out the input data.

Subroutine WRITE 2

Subroutine WRITE 2 contains the statements which print out the problem solution
(the calculated pressurant gas and temperature distributions) at any time t during the
expulsion and/or the ramp, following the call statement.
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Subroutine COMPRS

COMPRS is a subroutine which calculates the compressibility factor from a 20x17
matrix for hydrogen (Z(T,P)). For another gas pressurant the table may be replaced,
or a value of Z(T,P) = 1.0 or Z(T,P) = Constant may be substituted.

Subroutine HCOEFF

Subroutine HCOEFF calculates heat-transfer coefficients for either of two
pressurant gases (hydrogen or helium) at a specific pressure. Transport property data
for each gas are keyed to the molecular weight and may be replaced for other gases.

Subroutine INTERP

Subroutine INTERP performs a straight-line interpolation between two discrete
points.

INPUT-OUTPUT REQUIREMENTS
Input

The program input consists of a three-card description of the problem, although any
or all of the cards may be blank. Any specific information may be entered in columns 2
to 80, but column 1 is left blank. The succeeding groups of data are defined in the expul -
sion program listing.

Group I data. - Group I data include the parameters (PARAMS) that relate to tank
configuration and input options. These data are entered in NAMELIST FORM.

Group II data. - Group II data are also entered in NAMELIST FORM, which uses
names in place of FORMAT numbers in the read (INPNTS) and write (OTPNTS) state -
ments. The INPNTS series is a sequence of coded statements (words) giving the number
of pairs of values read in as data which define the initial and boundary conditions for the
ramp or expulsion programs., The flexibility of the NAMELIST FORM is demonstrated
in the write statement (OTPNTS), which verifies the number of pairs of values that are
specified. The number of pairs in each set printed under OTPNTS must agree with the
number of paired values in each set submitted under the NAMELIST TABLES that follow.
If a single pair is specified under TABLES at time t =0 (i.e., TGAS =400., TIME1
= 0.,), the value of the variable (TGAS) is maintained constant for any subsequent time.
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The expulsion program provides a maximum of 15 data entries under TABLES. The
ramp program has the capability of utilizing only the first 11 data entries defined in the
following list. The data for MRAD are necessary if the tank radius (as a function of dis-
tance from the top) is to be interpolated.

Code Number of pairs of data

MTGAS inlet gas temperature (K; °R) as function of time (sec)

MPDATA tank pressure (MN/ mz; lbf/ftz) as function of time (sec)

MFLOW  volume flow rate (m3/ sec; ft3/ sec) as function of time (sec)

MTSAT saturation temperature (K; ®R) as function of time (sec)

MTBULK liquid-propellant bulk temperature (K; OR) as function of time (sec)
MQOUT outside-wall heating rate (J/ m2 -sec; Btu/ftz-sec) as function of time (sec)

MQIN inside-hardware heating rate (J/m-sec; Btu/lineal ft-sec) as function of
time (sec)

MTWIN initial wall temperature (K; OR) as function of axial distance from top of
tank (m; ft)

MTGIN initial gas temperature (K; OR) as function of axial distance from top of
tank (m; ft)

MRAD tank radius (m; ft) as function of axial distance from top of tank (m; ft)

MTICK tank thickness (m; ft) as function of axial distance from top of tank (m; ft)

MTBAK initial temperature of phenolic internal hardware (K; OR) as function of
axial distance from top of tank (m; ft)

MTCU initial temperature of copper internal hardware (K; OR) as function of
axial distance from top of tank (m; ft)

MTSS initial temperature of stainless steel (TP304) internal hardware (K; °R) as
function of axial distance from top of tank (m; ft)

MTAL initial temperature of aluminum internal hardware (K; OR) as function of

axial distance from top of tank (m; ft)

Group II data. - The term group I data refers to data that are entered directly into
the appropriate subroutine.

Output

The output from a successfully executed case is written by the subroutine WRITE 2
after a printout of the initial problem conditions by subroutine WRITE 1. This output,
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shown for a sample case in appendixes B and C, consists of a block of computed wall
temperatures and gas temperatures as a function of distance above the liquid interface.

The block data are preceded by two lines of data. The top line gives the time
(TIME) during the ramp or expulsion for which the temperatures are evaluated. Asso-
ciated with the time, the GAS SUPPLIED, HEAT TO WALL, and INLET VEL (pressurant
velocity) are included on the first line. For an expulsion, the second line of output in-
cludes the heat transfer to the liquid (propellant). Both programs provide the CHECK
ON GAS computation, and the GAS FLOW or rate of pressurant into the tank.

Under group I data, the ENDTIM value specifies the ullage condition at the point in
time for the termination. For the ramp program the ENDRMP value represents the
ullage condition at the end of the pressure rise period, and ENDTIM represents the con-
dition at the end of the hold period (fig. 2).

The OUTPUT parameter specifies the number of time steps for a ''demand'' require-
ment of the computational results.

Two techniques are used to determine the mass of pressurant required for any given
time t. The primary method determines GAS SUPPLIED by summing the product of gas
density and volume for all the volume elements for each net time. From this summed
value, the initial ullage mass is subtracted. The alternate method, CHECK ON GAS,
establishes a velocity for a given cross section near the tank inlet. With the gas density
known at the cross section, the mass flow rate into the tank is summed over the entire
time.

TYPICAL ERROR MESSAGES AND THEIR CAUSES
Ramp Program

Initial ullage velocities are unstable. - Since the wall and gas temperature distribu-
tions are specified in the initial ullage, the values for gas specific heat, heat-transfer
coefficient, and compressibility factor are defined. The initial velocity at each net point
is computed for time t =0 and P = PDATA(1), where PDATA(1) is the initial pressure
throughout the ullage for a series of discrete time-dependent values. This initial ve-
locity distribution is printed out by the program. A negative value for a velocity indi-
cates an incipient instability, and the program terminates itself because of a major over-
flow. The initial problem condition must be altered by selecting a greater number of net
points (smaller net space between points) or by adjusting the initial slope of the pressure
rise curve (fig. 1).

Solution to cubic equation requires more than 10 iterations. - Sometimes during the
solution for the true ullage temperature, the Newton-Raphson programmed convergence
is not achieved in 10 iterations. These occurrences are counted and when the number is
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greater than 25, the program reduces the time step and starts the problem again. If the
solution is not achieved by this procedure, the pressure rise for the interval is too great,
or the instability may be attributed to a large difference between the upper-boundary gas
temperature and the inlet pressurant temperature.

One or more negative gas velocities are computed after time zero. - If, during the
ramp, one or more negative velocities are computed, the program reduces the time step
and starts the problem again. It is programmed to do this three times and then prints
out all the gas temperatures in the ullage.

A computed temperature is greater than the boundary temperature. - Sometimes
during the course of the solution of the cubic equation, there will be three real and un-
equal roots. Unfortunately, a distinction cannot be made as to the correct root. When the
roots are near the boundary temperature or the inlet temperature, occasionally the con-
verged value may be greater than the value of the inlet temperature. In this predicament,
the root can be made equal to the value of the boundary temperature without interrupting
the procedure.

Error greater than acceptable (program cannot converge on true ullage tem-
perature). - Path B in the ramp block diagram, shown in figure 4, should not be con-
strued as an alternate program path. It indicates a sequence of printed data values and
their relative occurrence during the iterations.

If after 32 iterations, any of the ullage velocities differ from the value computed in

the previous iteration by more than 1/2 percent, this condition is indicated by a printout
of the velocities.

After 40 iterations, the program may still not converge on the true ullage temper -
atures. In this circumstance, the deviation of the velocities from those computed in the
previous iteration may be greater than 10 percent. This situation is indicated by a print-
out of the ramp time, ullage temperature, and wall temperature distribution.

These data blocks are printed during steep ramp rates or when extremely nonlinear
portions of the ramp curve (pressure rise as a function of time) are encountered. The
ramp time parameters PM1, PM2, PM3, and PM4 should be examined and the time step
selected accordingly. However, when the time steps are made exceedingly small, ex-
cessive computer run times are encountered. Time steps of 0.2 second or less, selected
for a large percentage of the total ramp time, may consume more than 1/4 hour of com-
puter time for a 40- to 50-second ramp even though the ullage volume may be only 5 per -
cent of the tank volume.

Expulsion Program

For the expulsion program, error messages have not been found necessary. In gen-
eral, if the program is terminated, the reason often appears obvious upon examining the
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input data format. If the input data format is correct, a program completion is assured
when the initial gas temperature boundaries are equivalent to the liquid interface con-
dition and the pressurant temperature at the start. The wall temperature at the liquid
interface should approximate the propellant bulk temperature.

Lewis Research Center,

National Aeronautics and Space Administration,
Cleveland, Ohio, March 15, 1974,
502-24.




APPENDIX A

SYMBOLS

Engineering FORTRAN Units in program

symbol name

A AREA £t2

...... AAY e
...... BEE S
...... TEST e
b G8  mmmemmmemee-
------ BQUAD  —=ccmcmmmmee
C, CcP Btu/(lbm-°R)
C,,Cw CPW Btu/(Ibm -°R)
c Gl o°r

...... CQUAD  —-eommemmme
D DIA ft

------ DISC e
d G6 ft/sec

QGr = e e
------ ERRP S

Description

Tank cross section normal to vertical axis

For cubic equation y3 + Py2 +qy +r =0,

AAY = (3q - P2)/3.
BEE = (2P3 - 9pq + 27r)/27

Evaluate BEE2/4 + AAY? /27 to determine
the nature of the roots.

Coefficient of first term of gas temperature
function, eq. (40), represented by cubic
equation in ramp program

Second term of quadratic temperature func-
tion in expulsion program

Specific heat at constant pressure

Specific heat at constant volume, Cv;
specific heat of wall material, Cy;,

g - oqw - Ty, - _A—tilw—
LwPwCw

Final expression of quadratic temperature
function in expulsion program

Spherical or cylindrical diameter; vertical
diameter when tank is a spheroid

Discriminant of quadratic temperature
function

ﬁé_x_(l" -P) Zl Ax

7z at\ P' ) 7 At

Grashof number, L3p gB AT/ u2

A percent difference in velocity, computed
in step 12 (ramp), from value of previous
iteration
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Engineering FORTRAN

symbol name
-------------------- ft/sec 2
H Btu/(ft%-sec-°
c u/(ft“-sec-"R)
-— HOPE = mmeememeeeme ===
—_—— ISTAR = emmmemem e mmme-
- KSTAR = cmmmmmmemeeme—-
-—- KLAMP = eemmmeeeee -
- LOOM = e
J XJAY (ft-1bf) /Btu
L XL ft
l TICK ft
M GSRATE lbm /sec
M XMOLEC 1bm /(lbm-mol)
AM GAS (GASB - GSTART) 1lbm

24

Units in program

Description

Gravity acceleration

Convective heat-transfer
coefficient

Temperature function, cubic in
propellant temperature TP

Integer representing count of
iteration

Counting integer - specifies the

number of times the numerical
solution for a gas temperature
could not converge on the true

value in 10 iterations

Integer counter equal to or less
than 3. The ullage temper -
ature computations are re-
peated so that temperature -
dependent parameters are
evaluated close to converged
gas temperatures,

Counting integer - if computed
value for a gas velocity is less
than zero, time step is
reduced.

mechanical equivalent of heat

Flow length
Wall thickness
Pressurant flow rate addition

Molecular weight of pressurant
gas

Amount of gas (pressurant) added
by subtracting initial ullage
gas from GASB



Engineering FORTRAN

symbol

Ni toN
N1 to NZ
Nu

P.P

AP
Pr

Q.q

AQl, AQ2

Units in program Description

name

GASCHK Ibm Mass of pressurant added by

alternate calculation

GASB Ibm Summed value of ullage gas over all vol -
ume elements for time into ramp or
expulsion

HEXP —--cmmmmmmmee- Grashof, Prandtl exponent

N,NP e Number of volume segments in tank,
NP, refers to next time step

B I e T EE LR Summing index, i = initial, f = final

Particular volume segments

——— . - - o . . ——

Nusselt number, th /k

P,PHOLD Ibf /ft2 Tank pressure; initial pressure

PP -P lbf/ft2 Differential pressure

____________________________ Prandtl number, Cpu/k

PHE = o mdemmceeo Coefficient of second term (square in
TP) of cubic equation in ramp program

Q,CQTR Btu Heat transfer to wall; heat transfer to
liquid interface

DQ,QTR Btu/sec Heat-transfer rate to tank wall; heat-

transfer rate to liquid

Heat transfer to hardware
components 1 and 2

DQ1,DQ2 Btu

QOUT Btu/ (ftz-sec) Heat -transfer rate to wall from outside
tank

R (ft-1bf)/ (0 R)(Ibm-mol) Gas constant

ROOT1 °r Real positive root of temperature
quadratic in expulsion program

____________________________ Reynolds number, LVP/

RAD ft Tank radius

RR  cmmmmmmmee— Final term of cubic equation in ramp

program
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Engineering FORTRAN Units in program Description

symbol name
T TP, TWP °R Ullage temperature; tank wall temperature
TL 5 TP(N+1) %r Temperature of the saturated propellant
b

- TPP °r Assigned temperature equal to inlet
pressurant temperature

AT TDIFF °r Differential temperature

T 5 TADD °r Temperature at edge of thermal boundary
layer

t TIME sec Time into ramp, hold period, or expulsion

At DT sec Time increment

-— vu e Coefficient of third term (TP term) of gas
temperature function (ramp program)

v e ft3 Ullage volume

v Vv ft/sec Gas velocity associated with a specific net
point

AV - ft3 Volume increment

-— VP e Gas velocity associated with a specific net
point at previous iteration

-—- VHOLD ft/sec Gas velocity passing volume element near
top of tank, used in alternate method of
calculating pressurant going into tank

Xn XN e Number of net points in ullage

X X ft Coordinate in direction of tank axis

Ax DX ft Distance between net points

Z Zz e Compressibility factor

Z, Z1 e Z +T (a_z)

oT/p
Z4 722 e Z - P (a_z_)
oP/m
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Engineering FORTRAN Units in program

symbol

N ?‘m

ko)

name
D3 or
BETA 1/°R
VISC Ibm/(ft-sec)
RHO Tom /it
D4  mmmmmmmeman

Description

h At
1+4—C¢
PwlwCw

1/2
2thZ At - Ar 2
rMPCp Ax

Coefficient of thermal expansion

Dimensional decay coefficient of ullage
forced heat -transfer correlation

Specific -heat ratio

Viscosity

Density

R %1 ap, R%%  RZQL )\ wt
M J At 2

Mrr?Ax  Mirlax CpP
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APPENDIX B

LISTING OF EXPULSION PROGRAM

THIS IS THE EXPULSIUN PROGRAM

LR R X222 RS R 2R L EL L 22

DIMENSICN
TGAS(30)+TIMEL(30)PRATA(30) »TIME2(30),
FLOW(30)+ TIME3(30) o TSAT(30),TIME4(30),
TBULK(30)+TIMES(302,00UTDL30)TIMES(30),
CIND(30).TIMET(30)+,2AV(150),
TWINC(30).DIST1(30), TGIND(30),DIST2(30),
X(150)eTC150)sTPULSOD)»TWIL50)+TWPI150)VI(150),
CP(150)CPU(150)eH(150)452(150)4+21(150),22(150),
RAD(150) 4 AREA(150) » YRAD( 150) ¢ XRAD(150) »ORDX(150)

O arNES WN -

DIMENSIGN
C5(150)¢C9(150) e YTICK{(50) ¢ XXT(50)TICK (150)
+TWBK (30) +DIST7(30) o TWCU(30)DISTB(30), TSTN(30),DISTI(30),
TWAL(30),DIS11(30)+CPBKIL50)»TWBIL150),TB{150) +CPCUIL50),
TWC(150) s TC(150)4CPSTUL50)+TST(150),TZ(150)CPALI150),
TALS(150) +TBCIL50)+TTTI150) «PRAM(150)

W W

COMMON
XeToTPoTHeTHP s VoCPeCPWs TGAS,TIMEL +MTGASPDATATIMEZ2 +MPODATA,
FLOWe TIME3 oMFLOW TSAT oy TIMESGsMTSAT o TBULK«TIMES o MTBULK» QDUTD,
TIME6eMOOUT s OINDe TIMEToMOINeNo NP o XNoULLAGEsRADIUS»DQy
SPWGT ¢ XMOLEC o GSTART ¢ HCONSToTIME +GAS 909 GASCHK 9 GSRATE DT
2CONSToHeHMULT o HEXP 9 YRAD ¢ XRAD ¢+MRAD ¢ TNKWT+CQTR »QINoUNUMS,y
MTWINSMIGINSMTICK yMTBAKsMTCUMTSS «MTAL »
TWINDGDISTLoTGIND»OISTZe YTICK oXXT o TWBK,DIST7,
TWALeDIS1lTWCUDISTB8,TSTNL,DISTS

[ JEVN. WO AP VU L g

COMMON
1 CARADADIFU, SPRSSsDIARCONSTo TADD+»AByALCoA3SoAS5BsWTBINTLC,
2 WT3S.hT758

2R R 222 22 222 22222

READ 3 CARDS OF PROBLEM DESCRIPTION AND WRITE OUTs. THERE
MUST BE THREE CARDS USED, ALTHOUGH ANY OR ALL OF THEM MAY
BE BLANKe LEAVE THE FIRST COLUMN OF EACH CARD BLANK AND
ENTER ANY INFORMATION IN COLUMNS 2 TO 80.

WRITE (6,100}
00 2 J=1.3

READ (5.,101)
WRITE (6+101)

[a el N
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NCMENCLATURE FOR INPUT pATA
RARR AR EREREEERRRRRRIE R R AR Rk

XN NUMBER OF NET POINTS AT TIME ZERO (MUST BE 3 OR MORE)
NET POINTS AVAILABLE 150 (SEE DIMENSION STATEMENTS)
REQUIRED INPUT GROUP I DATA
ouTPuT, ANUMBER OF TIME STEPS TAKEN BEFDRE EACH OUTPUT
ULL AGE . INITIAL ULLAGE HEIGHTy (CANNOT BE ZERD)
RALTIUS. TANK RADIUS :
I¥ RADIUS =0, THE RADIUS IS INTERPOLATED BASED ON THE TANK RADIUS
(VS DISTANCE FRCM TOP) DATA READ INTO THE PROGRAM.
IF RACIUS = =1s THE TANK IS A SPHERE (DIA = DIAMETER)
SPKGT, TANK WALL SPECIFIC WEIGHT
SPhSS, SPECIFIC wWEIGHT OF TANK LID MATERI AL
ENOTIM, TIME AT WwHICH OUTFLOW ENDS, SECONDS
XMOLEC, MOLECULAK WEIGHT OF PRESSURIZING GAS
ZCONST . COMPRESSIBILITY FACTOR (1. FOR IDEAL GAS,BLANK FOR REAL)
HCONST HEAT TRANSFER COEFFe (BLANK IF H IS TO BE CALCULATED)
IF HCONST IS BLANK H WILL BE COMPUTED FRCM THE EQUATION
H=HMULT * COND/XL * (GRASHOF * PRANDTL)**HEXP

HMULT, CONSTANT IN ABOVE EQUATION (0e13 IS USED IF LEFT BLANK)
HEXP o CONSTANT IN ABOVE EQUATION (0333 [S USED IF LEFT BLANK)
DIla. DIAMETER WHEN THE TANK IS A SPHERE OR CYLINDER.

SPECIFY DIAMETER ON VERTICAL AXIS wHEN TANK IS SPHEROID

RCONST., INITIAL HEIGHT USED IN CALCULATION OF H

TR1.TR2 GOVERNS THE MODE OF TRANSFER BETWEEN PRESSURANT GAS AND
TANK wALLe [IF TR2 IS BLANK AND TR1=1les HEAT TRANSFER
IS BY FREE CONVECTION, IF TR2=1es TR1 IS BLANK, HEAT
TRANSFER IS 8Y FORCED CONVECTION

TADC, A TEMPERATURE AT THE EDGE OF THE THERMAL BOUNDARY
LAYER TO DETERMINE THE ORIVING POTENTIAL. (TADD-TSAT).
FOR HYCROGEN PRESSURANT OVER LIQ H2, TADD WAS DETERMINED
EXPERIMENTALLY TO BE 1+2-145 TIMES THE ADIABATIC
COMPRESSICN TEMPERATURE
SEE NASA TN D-5336, 5367

UNUMS SET GREATER THAN O« FOR SI UNITS
e R 2222 3 2 2224
QCCO. IF Q000 IS BLANKs PROGRAM ASSUMES NO INTERNAL HARDWARE

UNLESS THE QIND VS TIME7 VALUES ARE GIVEN UNDER INPUT
DATA. IF QUUO=1, THEN SOME OR ALL PARAMETERS
AB THRU wWTS58 ARE SPECIFIED

AB, EFFECTIVE AREA PHENOLIC HARDWARE EXPCSED TO THE
PRESSURANT GAS IN THE VOLUME ELEMENT

AlC EFFECTIVE AREA UF COPPER HARDWARE EXPCSED TO THE
PRESSURANT GAS IN THE VOLUME ELEMENT

A3S, EFFECTIVE AREA OF THE 304 SS HAROWARE EXPOSED TO THE
PRESSURANT GAS IN THE VOLUME ELEMENT

A58, EFFECTIVE AREA OF ALUMINUM HARDWARE EXPOSED TO THE

PRESSURANT GAS IN THE VOLUME ELEMENT

w8, WEIGHT OF THE PHENOLIC HARDWARE IN THE VOLUME ELEMENT

wT1C. WEIGHT OF CUOPPER HARDWARE IN THE VOLUME ELEMENT

wT3S. WEIGHT OF 304SS HAROWARE IN THE VOLUME ELEMENT

wTS8,. WEIGHT OF ALUMe HARDWARE IN THE VOLUME ELEMENT
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OPTICN 2 CATA

D1C. PARAMETER USED IN CALCULATING GAS TO Wall,
FORCED CONVECTION HEAT TRANSFER
ADIFU PRESSURANT DISTRIBUTOR AREA
CARAD, CHARACTERISTIC RADIUS OF THE TANK WHEN FORCED CON-

VECTICON IS A MODE OF HEAT TRANSFER
END CF OPTION II DATA
BEXPO. WBEXPO PARAMETERS INVOLVING OECAY COEFF JCIENTS
SEE NASA TM X = 53165

GROUP T DATA
NAMELIST 7/ PARANMS / XN OUTPUT+ULLAGE+RADIUS » SPWGT e ENDTIM,XMOLEC,
1HCONST yDIASRCONST  ZCONST o HMUL ToHEXP s AB9sALC 9 A3S+ASB o WTBoNTLC
2nwT3SeWT5B+SPWSS+0000sTADD+CIC+TR19TRZ2yCARADSADIFU2CYLNsUNUMS
READ(S5,PARAMS)

GROUP II CATA EXPULSION DATA- CONTINUED
P2 R332SR S22 22 23222 2 2 22 2L 2]
NAMELIST 7 INPNTS / MTGAS MPDATAMFLOWMTSAT 4MTBULKsMQOUT» MQIN,
IMTRINSMTGINGMRAD s MTICK +MTBAKMTCU, MTSS yMTAL
READ(S. INPNTS)
NAMELIST 7/ OTPNTS / MTGAS+MPUATAMFLOW+MTSAT yMTBULKyMQDUT » MOIN,
AMTWINSMTGINyMRADSMTICK 4MTBAKoMTCUy MTSS oMTAL
WRITE(6.0TPNTS)
NAMELIST / TAGOLES /

1 T6AS o+ TIMEL , PDATA » TIMEZ2 + FLOW o TIME3
2 TSAT , TIME4 . TBULK , TIMES » OQOUTD o TIMESG
3 0IND o TIME7 , TwinD » DISTL » TGIND o DOIST2
4 YRAD + XRAD » YTICK o+ XXT » TWBK o+ DIST?
5 TwCU o+ DIST8 + TSTN s» DIST9 , TwWAL .+ DIS11

READ (S5,.,TABLES)

GROUP [I1 PROPERTY CATA-SEE SUBROUTINE-

NOTE - THE CATA BLUCKS [N THE SUBROUTINES MAY BE SUBSTITUTED FOR
CIFFERENT GASES OR WALL MATERIAL CONSISTENT WITH
HYOROGGEN/HELIUM BEHAVIOR.

1 - SUBROUTINE SPHEAT - MATERIAL AND GAS SPECIFIC HEATS
NOTE =-- TrE SPECIFIC HEAT SUBROUTINE FOR HYGROGEN
HAS NO PROVISICN FOR PRESSURE VARIATICN
NOTE == THE wALL SPECIFIC HEAT DATA IN THE SUBROUTINE
DOES NOT PROVIDE STORAGE FOR MORE THAN ONE MATERIAL

2 - SUBROUTINE COMPRS — GAS CUOMPRESSIBILITY

3 - SUBROUTINE HCOEFF — TRANSPORT PROPERTIES

LA ST R RER 222 2 £ 2 2
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Q=0
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301

[aBaNalal

&

199

32

00230.
DC3=0.
DQ4=0.

CALL WRITEL

IFLUNUMS <EQs 0« ) GO TO 301
CALL SINTS

CONTINUE

XPI=341415%

R=1545.4

XJAY=T778e2
HCCNST=HCONST/3600.

N=XN

NP=N+1

DX=ULLAGE/ (XN~1.0)
TWR ITE=OUTPUT

ODIFU = SORT(4«*ACIFU/XPI)
C8=R/XMCLEC

€3 = bx * C8
Cl = C3/2.
€2 = C1/XJAY
C4 = bOx/C8
C6 = 2.%C8
C7T = C8/XJdAY

DO 3 J=2.150
XJTICK=Jd=1
X{J)=0X*XJTICK

CALL INTERP (YTICKoXXTeMTICKsX{J)» TICK(JI)

CS50JI=10/(TICK(JI*SPUWGT)
CO(JI=Z20%XPI*DX*TICKIJI*SPRGT
X{(1)=0.0

TICK{1)=YTICK(1)

STEP~1A-

MAKE GEOMETRY CALCULATIONS
IF (RACIUS) 84446
NG 5 J=2,150
CALL INTERP (YRAD+XRAD«MRADX(JIsRAD(J))
AREA(J)= XPI*RAD(JI*%*2
RAC(1)=RAD(2)
AREA(1)=AREA(2)
60 70 12

CONTINUE

DG 71 J4=2.150

IFIX(4) - DIA/24)1999295:299
RAC(J) = SORT(DiA * X(Jd) - X(J)**2)
AREA(J) = XPI * RAD(JI**2

GG TO 7




299

399

499

10

11

12

i3

15
16
17

aenn
-]

(\ﬂ!ﬂf\f);tﬁf!ﬂfﬂf\w

21

IF(X{J) «GTe (CYLN ¢+ RADILS)) 6O TO 399
RAC(J) = RADIUS

AREA(JD = XPI1 * RAD(J)I*%2

60 10 7

PLEG = X(J) = CYLN - RADIUS
IFIPLEG «GEe RADIUS) GO TO 499
RAC(J) = SORT(RADIUS*%X2 - PLEG*%2)
AREA(J)D = XPI * RAD(J)I*%2
CCNTINUE

RAC(1) = RAD(2)

AREA(1) = AREA(2)

GO T0 12

DO 10 J=2.,150

IF (X(J)=-DIA) 945,11

RAD(J) = SORTI(DIA * X(J) = X{J)I%%2)
AREA(JDI=XPI*X(J)*{(DIA-X(J))
AREA(1)=AREA(2)

RAD(1)Y=RAD(2)

CONTINUE
DO 16 J=2.149
DREX(JDI=(RAD(JI+1I=RAD(II I/ (X{Jd+1D2=X(J))

TANK WEIGHT DOES NOT INCLUDE WEIGHT OF LIL CR CONNECTOR AT TOP

TNKWT = TNKWT + CO(J)*RAD(JI*SQRT(1.0 + DROX{J)I**2)
CONTINUE
DRDX¢1)={(RAD(2)-RAD(1))/X(2)
DRCX{(150) = DRODX(149)
DT=DX$AREA(N)/FLOW(1)
CALL INTERP (FLOWSTIME3,MFLOW.DT+FLO)
DT=DX*AREAINI/(FLOW(1)+FLO)*2.0
VP=FLOW(1)/AREA(N)
TIME=0T
STEP-1B~
CCMPUTE INITIAL WALL AND GAS TEMPERATURES

DO 19 J=1.N

CALL INTERP (TWINDeODISTL+MTWINX(J)sTHW(J))
CALL INTERP (TGIND+DIST2,MTGINX(JD T(JI)

STEP-1C~
CCMPUTE INITIAL VALUES OF STECIFIC HEAT
CALL SPHEAT (T(J)eTWlJDIeCP(J)oCPWLJI o XMOLEC)
STEP~2-~
COMPUTE INITIAL VALUES OF HEAT TRANSFER COEFFICIENT
IF (HCONST) 1,22,20
00 21 J=1,150

H{J)=HCCONST
GO TO 31

33



22 IF (HMULT) 1.,23,24
23 HMULT=0.13
C
24 IF (HEXP) 1425426
25 HEXP=0.333
C
26 DO 30 J=1.N
IF (X(J)=RCONST) 27.217+28
27 XL=01A
60 TO 29
28 Xt=01a
29 TIT(J)=TWlJ)
30 CALL HCOEFF (TC(J)+TTT(JD)oPDATA(L) o XLoHIJDI9sPRAMI(J) ¢ ZCONST 4HMULT o HEX
1P XMOLEC)
31 CONT INUE
C
< STEP=-3-
C COMPUTE INITIAL VALUES UF QOUT, OINs P AND DPOT
C

QOuT=CauTo (1)
GIN ==CIND(])
P=PDATA())
PRCLD=P
(F (MPLATA-1) 1.32.,33
32 PP=pP
GC TO 34
33 CALL INTERP (PDATATIME2.MPDATA,TIME.PP)
34 DPDT={PP=-P)/DT
IF(COCQ = Oe V1449144042
“2 DO 43 J=1.N
CALL INTERP (TWBK DIST7.MTBAK«X(J)eTWB(JI)
CALL INTERP (THCUDISTB/MTCUIX(J)eTHC(J))
CALL INTERP (TSTNSCISTOeMTSSeX(JI)eTST(U))
43 CALL INTERP (TWALDIS11,MTALX(JDeTALS{J))
144 CONT INUE

C
C STEP=-4~-
C COMPUTE INITIAL VALUES OF COMPRESSIBILITY FACTCR AND DERIVATIVES
C
IF (7CCNST) 1437.35
35 00 36 J=1.150
1(J)=1.0
Z1(J)=1.0
36 12(J)=1.0
ZhOLD=1.0
60 TO 39
c
31 00 38 J=1N

38 CALL CCMPRS (T(J)PDATACLL)+Z(JDeZ1(JD)sZ2(0J)yXMOLEC)
39 CONTINUE

¢

C STEP=-5~

C CCMPUTE INITIAL VALUES OF LOCAL ULLAGE GAS VELOCITY
PX = PLATA(1)

C

34




aNaEelasEasEakKs)

- ™

250

251

VIMNI=FLOW(1)/AREA(N)

NTEMP=N-1

DO 40 L=1.NTEMP

J=N=-L

CLO=( (I +1Dd+H{JUII*(Z1(J+1)+Z1 04 D)/ (PXE(RAD (J+L)+RAD( I *(CP(J+]1)
1+CPLII M)

Cll = SORT{1«0¢{(DROX(J+1) + DRDX(JI)/2.0)%%2)

C12=0x%( (DROX(J+1)+ORDX(J) I/ (RAD(J+1)+RAD(J)))
Cl3=({ZLI{J+1I%%2421{J)*%2 ) /{XJAYSPXE( Z(J+1)+Z2( J)I*(CPLI+1)+CP(J)))
18]

Cla=(22(4+1)322(30)/7 (LZCI+1V+Z(J))I%PX)

CL5= (U231 (J+ 1) +Z 114 V¥ (2. 0%QINI/CLAREA{ U+ 1D +AREA(J) I*PX*(CP (J+1)+CP
Lea»nny

VIJdI= 1o/l e=Cl2)¥({1e4CL2)¥V{J+1)=C33*CLOX{TW{J+LI)+TH(J)I=T(J+1)

1 - T(J))%C1l1 ~(2.%C3%C13 — DX*(14)*0PDT - C3%C15)

STEP=6~
FIND GAS IN ULLAGE AT TIME ZERO BY INTEGRATING DENSITY

GASA=( «SEAREAL1)/(TL1)*Z2(1))+( <S*AREAINII/(TINI*Z(NI))
NTEMP=N~-1

DO 41 J=2.NTEMP

GASA=GASA+AREA(JDI/T(JI/IILI)

GASA=GASA*C4*%P

GSTART=GASA

STEP=T~
WRITE PROBLEM IDENTIFICATION AND INPUT DATA

WRITE (6+1022) OT

IFLUNUNS) 25042514250
CONTINUE

GSTART = GSTART #* .45359237
WRITE (6.,2015) GSTART
GSTART = GSTART /45356237
0 =0 % 105443503

WRITE (642050) ¢

0 = 0/1054.3503

TAKWT = TNKWT * 245359237
WRITE (£44000) TNKWT

GO TO 44

CGNTINUE

MRITE (6+1015) GSTART

MRITE (6,1050 ) O
WRITE (643000) TNKWT

GIN = CGINDID)
XRESXSIHS SRR SRR SRR EK

35




BEGIN MAIN PART OF CALCULATION

STEP-B~
FIND TEMPERATURES AT NEW TIME

F EalalaRalel

4 CONT INUE
CALL INTERP (TGASTIMEL+MTGAS,TIME.TP(1))
CALL INTERP (TSAT,TIME4 MTSATTIME,TP(N+1))
CALL INTERP (TBULKsTIMES MTBULKsTIME,TWP(N+1))

400 DO 48 J4=2.N
D1=C5(J)*0T*00UT/CPW(J)
D2=1e04C5(JI*DT*R(J)/CPRiJ)
D3=02/8(C6/RAD( I IxHIIIXZ(JI*DT/P/CPLI))
D3 = D3/SORT(1e0+((DRDOX{J+1DI+DROX(JI)I/26)%%2)
D4=(CI%ZL(JIXDPOT+(CB/AREA(JDI I*L(JD*(~0INI+CB/XIN)*Z(J)/AREALI)
1*(~-QTRDII*DT/CP(J) /P

C
BOUAD=C3*(1.0+V{J)*DT/DX=-D4)=TH(J)=-D1
COUAD==C3*(T(J)+VIJI*DT/DX*TP (J=1))
RXx1 = —BQUAC/2.
DISC = Rx1#*RX1 = CQUAD
IF(DISC)45.45046

45 ROCT1= Qa5 * (T(J) + TPLJI-1))
TPLJ) = ROGT1
GO Ta 47

46 RX2 = SQRT(DISC)

ROCT1 = RX1 + RX2
IF(ROGT1145C,4504 460

450 TPIJ) = 05 * (T(I) + TP(J=1))
60 10 417

460 TP(J) = ROGCT1

47 TWP(JI=(Tw(J)+(D2=-1.)*TP(J)+D1)/D2
44 CCONTINUE
DO 49 J=2.N
D1=C5(J)*DT*QOUT/CPW(J)
D2=1.0+4CS5( JI*DOT*H{JI/CPW I J)
49 CONTINUE

C SPECIFIC HEAT OPTION FOLLOWING STATEMENTS 51,52 IS USED WHEN THE
C TANK LID IS (18-8) STAINLESS STEEL. THE EQUIVALENT THICKNESS
C FOR THE LID MASS IS CONCENTRATED IN THE FIRST VOLUME ELEMENT.

[F{SPRSS = 499.0)53+50.50
50 IF(TW(l) = 7501125451451
125 CPnil) = 0.010

6C T0O %3

51 [FETH(1) «GTe 2204)G0O TO 52
CPW(l)= 0.000418% Twll) = 00203
GO 70 €3

52 W= (Twll) = 220)/126461
CPW(1l) = ((0e0018 * W = 0.0127)%w + 0.0374)%W + 0.071
53 CS5(1)=10/(TICK(L)*SPWSS)
COC)=XPI%DX*DIA*TICKI{1)*SPKSS
01=C5(1)*DT*Q0OUT/CPWHI(1)
D2=10+C5( 31 )*DT#H (1) /CPH (1)

36




54
55

OO AN

152
59

60
122

61

151

62

63
123

TUP(1)=(Twl1)+(D2=-1.0)%TP (1)+D1) /02

CALL INTERP (QOUTD+TIME6,MOOUT T IME.QOUT)
CALL INTERP (OIND+TIMET«MQINSTIME,QIN)
GO TO 54

IF (MPCATA=1) 1456455

PHCLD=P

CALL INTERP (PDATATIMEZ2)MPCATA.TIME.P)
TIMEP=TIME+DT

CALL INTERP (PDATATIME2.MFDATA, TIMEP.PP)
oPOT=(PP-P /DT

CGNTINUE

iF (0C0Q) 734173457
CONTINUE
IF(AB <EQe Oe&) GO TO 122

STEP~9-
EVALUATE ENERGY TRANSFER TO INTERNAL HARDWARE

NGTE~ CP-SPECF hEAT, BK~PHENOLICs CU-COPPERs ST-STAINLESS, AL-ALUM
PHENOLIC SPECIFIC HEAT DATA ESTIMATED FRCOM TPRC PUBe VOL 6 PTe II
( THERMOPHYSICAL PROPERTIES RESEARCH CENTER-PURDUE UNIV.)

DO 60 J=1s.N

IF(TP(Jd) = TwB(J))584+584152

TB(J4) = TPLI)

GO0 TO 60

CFBK(J) = 0.000664 * ThBiJd)

TIT(HI=TWB(JI)

CALL FCOEFF (TU(JDeTTTUU)oPoXL ¢HUJ) +PRAMIID +ZCONSToHMULT o HEXP» XMOLE

1C)

TBLI=H{JI*ABX(T{JI-TWB(J) I/ (WTBXCPBK( 1)) *DT+ThB(J)

DO1=DCLI+H(JI*AB*(T(J)-TWB(J) I *DT

CCNTIMUE

IF(ALC «EQ. 0e) GO TO 123

CURVE FIT-COPPER SPECIFIC HEAT DATA FROM WADD TECH REPT 60-56 1960

NG 63 J=1.N

[IF(TPLJ) - TWC(JD)I614614151

TCtJd) = TPLI)

GG TO €3

W= (TWClJ) - 25.0)/125.

CPCULJ) = ((0+0021%W = 0402)%4W + 0.06683) *u

TTT(J)=TWC (J)

CALL HCOEFF (TUJ)sTTTUJIsPeXLoH(J) vPRAMIJ) »ZCONSToHMULT oHEXP 9 XMOLE

1C)

TCUI)=H{JI*RALCHR(TLII=TWC(J) )/ (WTLC*CPCUL U I*DT+TWC (J)

DCZ2=D02+H{ JI*ALC*(TIJI-TWC(JI)*DT

CCNT INUE

IF(A3S .EQe« 0.) GO TO 124

CURVE FIT (18-8) STAINLESS STEEL SP HEAT FROM SCOTT CRYO ENGRe -
De VANe NUSTRAND

00 66 J=1+N

317



135
130

131

133
&4

€5

66
174

10
193
67

68

69
11

12
126

14
200

i5
16

38

[F(TP(J) = VSTUJD)I64s€44135

IF(TSTUJ) = 75)0130,1210131

CPST(J) = (.01

GG TO €5

[FITSTUY) GT. 220.0)G0 TO 133

CPST(J) = 0000418 * TST(J) - 00203

GO TO €5

W = (TST(J) = 220.)7/126467

CPST(J) = ((0e0018%W=0e0127)%nN + 0.0374)%W + 0.071

TI0J4) = TP(I)

GC TO 66

TTT(4I=TST(D)

CALL FCOEFF (TUJ)oTTTUU) o PoXLoHIJ) oPRAM(J) oZCONSToHMULTsHEXP o XMOLE
1)

TZ(JI=HIJI*ABSH(T(II=TST(IDI I/ WTASHCPST(JD))I*DT+TST(Y)
DO3=DA3+H{JI*A3S*(T(J)-TST (4D ) *DT

CCATINUE

IF(A58 <.EQe. 0.) GO TO 126

CURVE FIT GF AL+ ALLOY 6061-T6 SPECIFIC HEAT DATA FRCM TPRC
DC 72 J=14N

IF(TP(J) = TALS(JDIIT0,70,153

TBC(J4) = TPLJ)

GO TO 12

IFITALS(J) = 70.0067.68,68

CPAL(J) = 04000397 * TALS(J) - 0.013

TF(TALS(J) oL Te 36.0)CPAL(JI=0.0012

GO TO 69

W = (TALS{J) = 70.)/117.5

CPALLJ) = ((0e00334%KW = 0.0351)%w + 0+13666)%W + 0.015
IF(TALS(J) «GTe S540+) CPALIJY) = 04212

CONT INUE

TITJ)I=TALS(J)

CALL HCOEFF (TUJDoTTT(d) ePoXLoH{J) +PRAMII) ¢ ZCONSTyHMULToHEXP» XMOLE
1C)
TBC(JDI=H{JI*ASBH(T(JI=TALS{JII ) /(WTSB*CPAL(J) I*DT+TALS( )
DO4=DU4+H{ J)*ASB* (T{J)-TALS(J) I*DT

CGNT INUE

QIN = (DOl + DO2 + 003 + DQ4)/ (TIME * X(N))

CONTINUE

STEP=-10~-
FIND COMPRESSIBILITY FACTORS AT NEW TIME

IF (ZCCNST) 1.744106

ZHCLD=2(5)

D0 20C K=1eN

LAVIK) = 72(K)

DC 25 J=1.NP

CALL CCMPRS (TPUJDIoP+Z () 9Z1(J)s22(J)9+XMOLEC)
CONTINUE




C STEP~-11~-
C FIND VELOCITIES AT NEw TIME

VHOLD=V(5)

CALL INTERP (FLCWeTIME3,MFLOW, TIMEFLOWNP)
VINP) = FLCWNP/AREA(NP)

NC 77 J=1.N
K=NP-J
17 VIK) = (TP(K)*VIK+1)=(DX/(DT*Z(K))I*(ZL(KI*(TP(K)=T(K)))
1 + Z2(K)*TP(KI*DPDTACX/(Z(KI*PPI I/ (TP(KI+(ZLIKI/Z{KII*(TP(K+1)
2 = TP(K)) = (2.0%0X *TP(K) * (DRDX{K+1)+DRDX (K2))/ (RAD(K+1)
3 + RAD(K)))

STEP=-12-
FINC HEAT FLOW RATE TO WALL AND TOTAL HEAT ADDED TO WALL

[z aNaNalel

DO=CI(1)*CPW(L)*(TwP(1)-Twl(1))
DO 78 J=2.W

18 DO=D0+RAD(JI*SOURT(10+DRDX (JI*¥2)% Pl J)*(TWPLJI-TW(J))I*CI( J)
0=C+DQ

FIND GAS FLOW RATE AND TOTAL GAS ADDED UP TG THE NEw TIME
GASB=0.5%AREA(1D/TP(1)/Z(1)+0«SHAREAINPI/TPINPI/ZINP)
D0 79 J=2+N
9 GASB=GASB+AREA(JI/TPLII/IZ(J)
GASB=GASB*C4%pP

C
9 NOTE GASCHECK CALCULATION BASED ON CROSS SECION AT NET POINT =5
C

GSRATE=ABS((GASB-GASA)»/DT)

GAS=GASB=-GSTART

GASCHK=GASCHK+0+25%(V(5)+VHOLD )/ (CB8/AREA(5) ) *DT*(PHOLD/ZHOLD/T(5)+

1P/Z(5)/TP(5))
c
C STEP~13~-
c FIND SPECIFIC HEATS AT NEw TIME
c

DO 80 J=1.NP
80 CALL SPHEAT (TP(J)eTWP(JDI4CP(J)IsCPWIJ) +XMULEC)
C
C
C STEP~-14~
c FIND HEAT TRANSFER COEFFICIENT AT NEw TIME
C

IF(TALC)B2.82,81
81 XL=20%RADIN+1)

TTIT(N#]1)=TP(N+1)
CALL HCOEFF (TADD+TTTUAN+1) PoXLoHIN+L) PRAMIN®1) yZCONSToHMULT » HEXP
le XMOLEC)
HZh=HIN+1)
300 HSUR = H2H % +14/bMULT
QTR=HSUR*AREA(N+1)*{TADD-TP(N+ 1))
COTR=COTR+QTR*DT

GC TO 83
82 QTR=0.0
83 IF (HCCOCNST) 1,84.89

84 COCNTIMUE



£5

g6
87

NC 88 J=1sNP

IF (X(J)-RCONST) 85.85.86

IN TURBULENT RANGE HEXP
XL=Cla

66 TC &7

xXL=C1la

TTT{JI=TwP(J)

CHOICE OF XL IS IMMATERIAL

SOV OONOAD
w N

CALL hCOEFF (TPUJDoTTT(J) oPoXL oH{J)oPRAMIJD ¢ ZCONST oHMULT +HEXP» XMOL
1EC)

IF (TRZe«EC+Qe¢) GG TO 88

WBEXPD = EXP(=0.00117 * CARAD**2xX(J))
WHSO=D1C/CARAD**. 2% (GSRATE/ADIFU) **%. 8%PRAM(J)
H{J)=H{JI*TR1+WHSO*WBEXPO*TR2

CONT INUE

ITER]1 = ITERL + 1

IF (ITERI-IWRITE) 924+91.91
CALL WRITEZ2

ITERLI=C

STEP-15—-
CHECK TO SEE IF END TIME HAS BEEN REACHED

IF (TIME-ENDTIM) 93.98,98
TYME=TIME+DT

END TIME NOT REACHED ~ PREPARE FOR ANOTHER STEP

CALL INTERP (FLOWSTIME3«MFLOWe TYME FLOWP)
VP=FLOWP/AREA(NP)

DT = CX/(VINP)I+VP) * 2.

TIME=TIME+DT

DO 94 J=1+NP
T(JI=TFLJ)
TwlJd)=TWP(J)
[F(GCQCITT 457495
00 96 J=14N
TuB(JI)=TBLJ)
TwC(J4)=TC(J)
TSTUII=TI(J)
TALS(J)=TBC(J)
TwBI(N+1)=TuP(N+1)
TWCIN+1)=TuP(N+1)
TST(N+]1)=TWPIN+])
TALS(N+1)=TwP(N+1)
CCANTINUE

N=N+¢l
NP=NP+1
CN=CN+1.0
GASA=CASB

6G TO 44
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102

103

1015
1022
1050
2015
2050
3000
4000

STEP-16~
END TIME EXCEEUEC -~ INTERPOLATE CONDITIONS AT END TIME

RATIO=(ENCTIM-TIME+DTI /DT
TIME=ENDTIM

NG SS9 J=1.N
TPLJI=T(JI+RATIO*{TP(J)=-T(I))
TuPlJ)=TW(JI+RATIO*(TWP(JI=-TUW(J))

0=¢-DC+RATIO=*DQ
GAS=GAS-GASB+GASA+RATIC*(GASB~GASA)
GASCHK=GASCHK-GASB+GASA+RATIO* (GASB-GASA)
XEMNPI=XINI+RATIC*DX

STEP-17-
WRITE OUT RESULTS REFER TO SUBROUTINE WRITE 2
CALL WRITEZ

G0 70 1

FEXER ISR X BREE R SR KK K

FORMAT STATEMENTS

FORMAT (1H1+430Xe24H TANK EXPULSICN PROGRAM/ 1HJ)

FORMAT (80H

1 )

FORMAT (8F10.0)

FORMAT (F10.0)

FORMAT (1HKe23H INITIAL ULLAGE GAS = F6e345H LBS)

FORMAT (1HKs 27H INITIAL TIME INCREMENT = F6e149H SECONDS)
FORMAT (1HK+ 25 INITIAL HEAT TO WALL = F7<ly 5H BTU)
FORMAT (1HKe23H INITIAL ULLAGE GAS = F6e3410H KILCGRAM)
FORMAT (1hKe 25h INITIAL HEAT TO WALL = Elle4s 7H JOULE)
FORMAT (1HKs 290 THE TANK WEIGHT LESS LID = F7.1ls 5H LBS)
FORMAT (1HKs 29K THE TANK wEIGHT LESS LIO = F7425,10H KILUGRAM)
END
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APPENDIX C

LISTING OF RAMP PROGRAM

THIS IS THE PRESSURIZATION MAIN PROGRAM

e sk ook o ol sk ok € ol ek Kok ok

DIMENS ION TGAS(100), TIMEL(100), PDATA(100), TIME2{100), FLOW(25),
1 TIME3(25), TSAT(S50), TIME4{50), TBULK(25), TIMES(25), COUTD(2S),
2T IME6 250, OIND(25), TIMET(25), ZAV(250), TWIND(100), DIST1(100),
3TGIND( 1003, DIST2(160),s X(250), T(250), TP(250), TW(250), TWP{250)
4y V(25C), VP(250), CP(250), CPW(250), H(250), Z(250), Z1(250), Z2{
5250), RAD(250), AREA(250), YRAD(250), XRAD(250), DRCX(250), TEST(2
650)

DIMENSION C5(250), C9(250), YTICK{(250), XXT(250), TICK(250), XR(3)
1, AQ(3)

COMMIN XyToTP o TWy TWPy V,CP ,CPWy TGAS, /IMEL ,MTGAS PDAT A, TIME2, MPDATA,
LFLOW, TIME3,MFLOWy TSAT , TIME4 4yMTSAT, TBULK, TIMES y MTBULK, QOUTD,TIMEG, M
200UT, QINDy TIMET,MOINyNyNP y XNyULLAGE yRADIUS,TLID ySPUGT 4 X MOLEC, GSTAR
3T yHCONST, TIME yGAS yQ9yGASCHK yGSRATE yD Ty ZCONST o4 »HMULT JHEXPYRADyXRAD
49 MRADy CQy QINy UNUMSy TWIND yDISTLy MTWIN,TGIND,DI ST2,MTCIN,DIA,
STADCy YTICK ¢ XXToMTICK

A ke ok o o ok ook ke ok ok kokok

READ 3 CARDS OF PROBLEM DESCRIPTION AND WRITE OUT. THERE
MUST BE THREE CARDS USED, ALTHOUGH ANY OR ALL OF THEM MAY
BE BLANK. LEAVE THE FIRST COLUMN QF EACH CARD BLANK AND
ENTER ANY INFORMATION IN COLUMNS 2 7O 80.

WRITE (&y106)
DO 2 J=1,3
REAC (5,107)
WRITE (€4107)

THIS IS THE PRESSURIZATION PROGRAM
NOMENCLATUWRE FOR INPUT DATA

XNy NUMBER OF NETPODINTS AT TIME ZERD (MUST BE 3.0 OR MORE)

JUTPUT, NUMBER OF TIME STEPS TAKEN BEFORE EACH OUTPUT

ULLAGE, INITIAL ULLAGE LENGTH, FEET (CANNOT BE ZERO)

RADIUS, TANK RADIUS, - SPECIFY WHEN TANK IS A CYLINDER
THE PROGRAM THEN ASSUMES SPHERICAL END SECTIONS,
IF RADIUS = 0.y THE RADIUS IS INTERPOLATED BASED CN THE
TANK RADIUS (VS DISTANCE FROM TOP) DATA READ INTO THE
PROGRAM . IF RADIUS = -1, THE TANK IS A SPHERE.

SPWGT TANK WALL SPECIFIC WEIGHT

SPWSS, SPECIFIC WEIGHT OF TANK LID MATERIAL

ENDTIM, TIME TO COMPLETE THE HGOLD PERIQOD

XMDLEC, MDLECULAR WEIGHT OF PRESSURIZING GAS

ZCONST, COMPRESSIBILITY FACTOR (1. FOR IDEAL GAS,BLANK FGOR REAL)




[aNaNe 2¥sisNelaleNsisEsNeleNeNeNaNasNalolnNeleNale Nel

OO0

HCIONST

DT,y
ENDRMP 4
D 1A,

P1yP2,
P3,P4,

CYL N,

HMULT,
HEXP,
TLID

UNUMS,

CROU
Ak ik ik

NAMEL IST /

1HCONST,DIA

2UNUMS

READ (5,PA

(ROU
sk sk
NAMEL IST /
IMTWIN, MTGI
READ (S, IN
NAMEL IST /
IMTWIN ,MTGI
WRITE (&,0
NAMEL IST /
1 TGAS
2 TSAT ,
3 QIND ,
4 YRAD
READ (5,TA
L2 2222 22 32 s

PREL

GSTART=0.0
TIMY=0.0
LOOM=0
ITERLI=0
Q=0.
GASCHK=C,
TICK(1)}=YT
TLID=TICK(
CALL WRITE

HEAT TRANSFER COEFF. (BLANK IF H IS TC BE CALCULATED)
BTU/HRo /SQuF To /DEG.F. y 9y WATTS/SQe M/ DEG K

INITIAL TIME STEP (SECONDS)

TIME TO COMPLETE THE RAMP PERIOD {(SECONDS)

DIAMETER WHEN THE TANK IS A SPHERE, OR CYLINDER,
SPECIFY DIAMETER ON VERTICAL AXIS WHEN TANK IS SPHERCID
TIME COORDINATES(SECONDS) ALONG THE PRESSURE RISE CURVE
THESE CONTROL THE INITIAL SELECTION OF THE TIME STEP
SEE EFN STATEMENT 96 ET CETERA FOR SIGNIFICANCE

WHEN RADIUS IS SPECIFIED, THE CYLINDRICAL LENGTH BETWEEN
THE TANK END SECTIONS MUST BE DEFINED.

IF HCONST IS BLANK H WILL BE COMPUTED FROM THE EQUATIOCN
H = HMULT*COND/XL*(NUSSELT*PRANDTL }*%HEXP

CONSTANTY IN ABOVE EQUATION (0.13 IS USED IF LEFT BLANK)
CONSTANT IN ABOVE EQUATION (0.333 IS USED IF LEFT BLANK)
THE MASS OF THE TANK LID AND FLANGE MADE EQUIVALENT

TO THE FIRST WALL THICKNESS

SPECIFY GREATER THAN 0. TO PROGRAM IN SI UNITS

P I DATA RAMP DATA
ek ok e ok ol ook ko ek ok kol ok ok

PARAMS / XN,OUTPUT ULLAGEyRADIUS ySPWGT yENDTIN,X MCLEC,
s ZCONST HMULT HEXP y SPHWSS,DT yENDRMP, PM1,PM2, P¥3,P M4, CYLN,
RAMS)

P Il DATA RAMP DATA CONTINUED
ok e o e ok ek o ok o o B e v ok ok ook o e kol g ok

INPNTS 7 MTGAS yMPDATA MFLOW,MTSAT, MTBULK yMQDUTy MQIN,
NyMRADyMTICK
PNTS)

OTPNTS /7 MYGASyMPDATAMFLOW,MTSAT, MTBULK yMQOUTy MQIN,
NyMRADMTICK
TPNTS)

TABLES /

TIME1l , PDATA , TIME2 , FLOW , TIM3 ,
TIME4 , TBULK , TIMES o, QOUTD , TIMNEGE
TIMET 4, THWIND s OISTIL TGIND , DISTZ2 ,
XRAD e YTICK , XXT

BLES)

X2k ok ook ek gk &

IMINARY COMPUTATION

Ickt )
1)
1

47
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IF(INUMS .EQ. C. ) GO TO 301
CALL SINTS

CONTINLUE

TPP=l.

XPI=3,14159

R=154% .4

XJAY=778.2

HCONST=FCONST /3600,

N =XN

NP=N+1
DX=ULLAGE/(XN=1,0)
IWR ITE=QUTPUT
CHECK=FLOW( 1)
DETY=DT

C8=R/XMOLEC

C3=Cx*(C8

C1=C3/¢.

C2=C1l/XJAY

C4=CX/C8

C6=2.%(8

C7=C8/XxJAY

UWTP = Z.0%XP I*DX*SPWGT
DO 3 J=2,4250

XJTICK=J~1
X{J)=DX*XJTICK

CALL INTERP (YTICK ¢XXT yMTICK,X(J),TICK{J))
C5(J)1=1.0/(TICK{II*SPWGT)
CS{J) = UWTP *x TICK{J)}
X{1)=0.,

STEP- 1A~
MAKE GEOMETRY CALCULATIONS

IF (RACIUS) 125446

DO 5 J=2,250

XJTEMP=J-1

CALL INTERP (YRAD,XRAD,MRAD,X(J),RAD(J)}
AREA(J )=XP I*RAD(J )x%x2
RAD(LI=RAD(2)

AREA( 1)=AREA(2)

GO TO 1¢

CONTINLE

N0 10 J=2,250

IF (X(J)-DIA/2.) 7,8,8

RAD(J )=SQRT(DIA*X(J )= X(J)%*%2)

AREA( J)=XP I*RAD{J )%*2

GO 7O 10

IF (X{J).GT.{CYLN+RADIUS)) GO TO S
RAD(J y=RADIUS

AREA( J )=XPI*RAD(J )*%x2

GO TO 10

PLEG=X{J)=CYLN=-RADIUS




10
11

[a¥eEnNel

O OO0 0RO00O0O0

IF {(PLEC.GELRADIUS) GO TO 11
RAD(J I=SQRT(RADIUS**2=~PLEG**2)
ARFEA(J )=XP I*AD(J )*%x2
CONTINUE

RAD(1)=RADL2)

AREA( 1)=AREA( 2]

G0 T3 16

DO 14 J=2,250

XJTEMP=J-1

IF (X{J)=DIA)} 13,13,15

RAD(JI I=SQRT(DIA%X (J)=X{J)*%x2)
AREA(JI=XPI®xX (J 1*(DIA=~X(J))
AREA( 1)=AREA( 2)
RAD(1)=RAD(2)

CONTINUE

THE NEXT 2 CARDS ARE SKIPPED SINCE THE FLOW DATA IS ZERC IN RAMP

DT=DX*AREAINI/FLONW( L)

CALL INTERP(FLOW, TIME3,MFLOWyDT,FLO)
DT= DX#* AREA(N)/(FLOW{1)+FLO)*2.0
TIME=CT

STEP-1B~
COMPUTE INITIAL WALL AND GAS TEMPERATURES

DO 17 J=1,N

CALL INTERP (TWINDDISTL,MTWIN,X(J),TW(J))
CALL INTERP (TGINDyDIST2,MTGIN,X(J),T(J))

STEP -1C-
COMPUTE INITIAL VALUES OF SPECIFIC HEAT
CALL SPHEAT (T{J)yTW(J},CP(J)CPW(J}yXMOLEC)
STEP-2-
COMPUTE INITIAL VALUES OF HEAT TRANSFER CCEFFICIENT
IF (HCCNST) 1,20,18
DO 19 J=1,250
H{J )=HCONST
GO T3 2¢

IF (HMLLT) 1, 21,22
HMULT=C, 13

IF (HEXP) 1,23, 24
HEXP=0,.,333

DO 25 J=1,N
XL=ULLACGE+X(J)

CALL HCOEFF (T{J)sTW(J) yPDATA(L) o XLyH{J) » ZCONST yHMULT s HEXP 4 XMOL EC)

CONTINUE
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STEP-3-
COMPUTE INITIAL VALUES OF COMPRESSIBILITY FACTOR AND
ITS DERIVATIVES

IF (ZCCNST) 1,25,27

no 28 J=1,250
7(J)=1.0
71(J)=1.0
72(J)=1.0
ZHILD=1.C

GO T0 21

DO 30 J=1yN
CALL COMPRS (T{J)4POATA(L) oZ(J) 210 31,2204} ,XMOLEC)
CONTINUE

STEP=4-
INITIAL IZE VALUES FOR QOUT, QIN, P AND DPOT

QONT=QoLTD( 1)
QIN ==QIND( 1)
P=PDATA(1)

P HOLD=P

IF (MPCATA-1) 1,32,33
Pp=p
60 10 24

CALL INTERP (PDATA,TIME2yMPDATA,TIME,PP)
DPDT=(PP-P})/DY
OPDTPV=DPDT

DO 35 J=2z4N

DRDX{U J 1= (RAD{J+1)-RAD(J)) Z(X{J+1)=X(J))
DROX(N #1)=DROX(N)

DRDX(1)=(RAD( 2)=RAD{1)}/X(2)

STEP-5~
COMPUTE INITIAL VALUES OF LOCAL ULLAGE GAS VELOCITY

VIN)=FLCW({1)/AREA (N)

NTEMP =N—-1

DO 37 L=14NTEMP

J=N=L

C12=DX*{ (DRDX(J+1)+DROX(J)) /(RAD(J+1)+RAD(I))
CLO=H{J)I*Z1{JI)/(PRRAD (J)%CP(J))
Cl1=SQRT{1.0+((DRDX(J+1}+DROX{J) ) /2.) *%2)
VA=C3*C10%(TH(JII=T{J)I*CL1+ (CL/AREA(J)) *Z1 (J) *CQIN/ P/CP I+ (C2*L1LJ
L) *%2/CP(J)=o5%DX*x22(J)I*DPDT/P/Z{ N
VA=VA/(1.0-C12}

K=J+1




C20=H{K)*Z 1(K )/ (P*RAD (K)*CP(K))
VB=C3*C20%(TWIK)=T(K))I*C 11+ (CL/AREA(K) )} *Z1 (K) %QIN/P/CP(K)+{C2*Z1(K
1) %%2/CP{K )= .5%DX*72(K) }*DPDT/P/Z(K)
VB=vB/(1.0-C12)
37 VIJ)={1.04C12)/(1.0~C12)%V(J+1)=VA-VB
WRITE (6€y111)
WRITE (65,112} (V(J)yd=14N,10C)
IF (GSTART.GT.0.) GO TO 40

STEP=-6~-
FIND GAS IN ULLAGE AT TIME ZERO BY INTEGRATING DENSITY

OO D

GASA=0S*AREA( L)/ TV /ZLL)+0.5%AREAINI/TINI/Z(N)
NTEMP =N-1

D0 38 J=24NTEMP

GASA=CGASAHAREA(JI/T(I)/2( )

GASA=GASA*C4xP

GSTART=CASA

w
@

e ke e ol o 2 3K ok o e e s o ek el
STEP=T7-

WRITE PROBLEM IDENTIFICATICN AND INPUT DATA

IFIUNUMS 1250, ¢51, 250

50 CONTINLE
GSTART = GSTART * ,4535924
WRITE (€,2015) GSTART
GSTART = GSTART/.4535924
Q = Q * 1054,3503
WRITE (6,2050) Q
Q = Q/1054.3503
GO 10 120C

251 CONTINUE

WRITE (&,1015) GSTART

N OO0

C
WPITE (€,1050 ) Q
C
120 CONTINLUE
C ¥ o ok e 2k Aok sk o o o sk ok ok ok
C
C
c BEGIN MAIN PART OF CALCULATION
C
T(1)1=TCAS(1)
C
c
C INITIALIZE AN ESTIMATE FOR TP(J)
C
NJ=N~1
DC 39 KI=1,N
39 TPIKI)=T(KI)
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41

43

44
45

46

52

STEP-8-
FIND TEMPERATURES AT NEW TIME

CALL INTERP (TGAS,TIMEL,MTGAS,TIME,TP(1))
CALL INTERP (TSAT,TIME4yMTSAT,TIME,TP(N)}}
CALL INTERP (TBULK,yTIMES,MTBULK, TIME,TWP(N})

KSTAR=C
IZHOLD=2(2)
VHOLD=V(2)
FIND MISCELLANEOUS QUANTITIES AT NEW TIME

CALL INTERP (QOUTD, TIME6,MQOUT, TIME,QOUT)
CALL INTERP (QIND,TIME7,MQIN,TIME,QIN)
QIN = =QIN

IF (MPLATA-1) 1942441

PHOLD=P

CALL INTERP (PDATA,TIME2,MPDATA, TIME,P)
TIMEP =TIME+DT

CALL INTEKP (PDATA,TIME2,MPDATA,TIMEP,PP)
DPDT=(P-PHOLD ¥/DT

CONTINLE

INITIALIZE AN ESTIMATE FOR VELOCITY
DO 45 J=24NJ
IF (DPETPV=-0.) 43,43, 44
vVJI=vid)
GO TO 4°%
VidI=v(J)*DPDT/DPDTPV
CONTINLE
OPDTP V=DPDT

KLAMP =0

ISTAR=C
CONTINLE
D0 54 J=24NJ

D1=C5(J)1*DT*QOUT/CPW( J)

D2=1404C5(J )*DT*H(J)/CPW(J)

D3=D2/((C6/RAD(J) VXH{II*Z{J)%DT/P/CP(JI))
D3=C3/SORT(1.04¢((DRDX(J+L }+DROX(J)) /2.) *%2)
Da={(CT%Z1(J)*DPOT+(CB/AREA(JI)I*Z(J)*QINI%DT/CP(I)/P
G1=N3=C3*04~TW(J)-D1

62=C3*LT /DX

G3=D3%xT(J)

G4=71(J)/2(J1*DX/DT
G5=Z2(JV/Z(I)1*DX*DPDT/P

66=G5~-(4
GT=G4%*T(J)
G8=1.0~Z1(J)/Z1I)=2.%DX/RAD { J) *DRDX ( J)

PHE=Z 1{J }/Z(IIETP(J+1)+GL1%GC8+G2%(V(I+1)+G6)




47
48

49

50

51

52

53

C

(=

54

55

56
57
58

UU=GL*Z1(JI/Z(J1ETP(J+1)+G2*GT-G2%TP(J=1)*(V{ J+1)+G6)~G3*G8
ALY =1e/Ze%(3.%UU~PHE*x %2}
RR==G2*GT*TP{J=1)=G3xZ1(J3)/Z(J) %TP(J+1)
BEE=14/27%(2.%¥PHE**3-9 ,%¥PHE*UU+2T, *RR}

DIS 1=UU*%*2=4,*PHE*RR

IF (DIS]1.LE.D.) GO TO 47
TP(J)=(=UU+SQRTI(DIS1) )/ (2.%PHE)

GO TD 48

TPJ)=C.5%(T(JI+TP(J- 1))

DO 49 LEL=1,10

HOPE=CGE%TP(J )**x3+PHE*TP(J }%*x2+YU*TP (J) +RR
HOP=ABS(HOPE) . ~
DHOPDT=2 4GB« TP J1*x%24 2, %PHE*TP (J)+ UU
AZ9=800,

A78=.0C01*%DHOPDT

IF (AZ8.LT.AZS) Al9=A18

IF (HOP.LT.AZS) GO TO 50
TPLJI=TP{J)-HOPE/DHOPDT

XR(1)=TP{J)

CONTINLE

WRITE (6,105)

KSTAR=KSTAK +1

IF (KSTAR.GT.25) GO TO S5

CONTINUE

TEST(J 1=BEE*%2/4,+AAY*%3/27,

IF (TESTUJ) LE«Q.AND.TP(J)GT.TPP) GO TO 51
GO TO €4

AQ( 1)=C8

AQ( 2)=P+E+XR{ 11*G8

AQU3)1=UUXR(1)*AQ(2)
XQl==AQ(2)/(2.%AQ(1))
DISC=XC1*XQ1-AQ(3)/AQ(1)

IF (DISC L.T. 0.) GO TO 54

XQ2=SQRT(CISC)
TP JY=XxQ1+XQ2
IF (TP(J).GT.TPP) TP(JI=XRI(])

FOR SICNIFICANCE OF TEST(J), SEE COMMENT UNDER STEP 13
TWP(J)=(TW(J)+{D2-1.0)*TP(J)+D1) /D2

60 TO Sé€

IF (TIME.GT.PM1) DETY=DETY-(C.005

IF (TIME.E.PM1) DETY=DETY-0.01

DT=DETY

TIME=TIMY+DT

IF (TIMEL.LE.TIMY) GO 7O 1

GO TO 32¢

THE FOLLOWING TWO EQUATIONS ARE SPECIFIC HEAT VS TEMNP. FOR AN
ASSUMED MASSIVE STAINLESS STEEL LID AT THE TOP CF THE TANK
IF (SPWSS=499.C) €1,57,57

TF (TW(1})-75.0) 58,559,59

CPA{1)=C.Cl0

50 TO €1

IF (Th(1).6T.220.) GO TO 6C

CPW(1)=C.000418*TW(1)~0.0203

GO TO ¢1
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94

W={TW(1)-220.)/126.¢€17
CPW(1)=((0.0018%W-0,0127)*W+0,0374) *w+0.071
CS(1)=1.C/(TICK(1)*SPWSS)

COl 1) =XP I*DX*DIA*TICK { 1}* SP WSS

D1=C5( 1)*DT*QOUT/CPW( 1)
D2=1.0+4CS(1)*DT*H{1)/CPHWI(1)
KLAMP=KLAMP+1

TWP(L)=(TW(1}+(D2-1.0)%TP(1}+D1) /D2

IF (KLAMP.LT.3) GO TO €2

IF (ERRP.LT..05) GO TO 62

IF (ERRP.GT.a05.AND.ISTAR.GTL6) GO TO 62
GO To 71

STEP-9-
FIND HEAT TRANSFER COEFFICIENT AT NEW T IME

ITF (HCONST) 1,€3y 65

DO é4 J=1,N

XL=ULLACGCE+X(J)

CALL FCOEFF (TP(J )y TWP(J) 4P o XLyH(J) yZCONST yHMULT yHEXP X MOLEC)
CONTINUE

STEP-10-
FIND COMPRESSIBILITY FACTORS AT NiEw TIME

N0 66 K=1yN

ZAVIK)I=Z(K)

IF (ZCCNST) 1,€7,¢9

D0 68 J=14N

CALL CCMPRS (TPUJ) 4Py Z(J)9Z21(J)422(Jd)4XMCLEC)
CONTINUE

STEP-11~-
FIND SPECIFIC HEATS AT New TIME

N0 73 J=1,N
CALL SPHEAT (TP (J)sTWP(J)yCPLJ)CPW(J) o XMOLEC)

CONTINLUE
IF (KLAMPLT.3) GO YO 46

STEP-12~
FIND VELOCITIES AT NEW TIME

CALL INTERP (FLOW,TIME3,MFLOW, TIME,FLOWNP)
VINI=FLCWNP /AREA(N)
1F (LCCM.GEL3) GO TO 89




no 72 J=24N

K =NP-
VIK)=(TP(KI*V(K+L)=(DX/(DT*ZIK) ) )*(Z1 (K)*(TPIK)=T(K)) }+Z2(KI*TP(K)
1%OPOTACX/(Z(K PP )Y /U TPUKIE(ZL(K)/ZAKII*R(TP(K+L)~-TP (K} }~-(2.0%DX*TP
2(K)*({ CRCX(K+L)+DRDX(K)) )/ (RAD(K+1)+RAD(K)))

73

74

75
76

77
78

79
80

81
82
83
84
85

86

IF (VIK).LT.0.) GO TO 73
CONTINLE

ERRP=C o

GO TO g2

LOOM=L CCM+1

WRITE (€,119)

GO 10 &£

DO 75 J=14N

VPl J)=.5

CONTINUE

CONTINUE

DO 78 J=14N

VIP=VP(J4)

1F (VIP.£EQ.O0.) GO TO 178
ERR=(V(JI=VP(J))}/VP J)
ERR=ABS{ERR)

IF (ERR=ERRP) 785 78,77
ERRP=ERR

CONTINUE

1F (ERRP-.,004) 89,89, 19
1F (ISTAR.EQ.3€) GO TO 87
DD 81 J=14N

VP{J)=v(J)

CONTINLE

ISTAR=ISTAR+1

IF (ISTAR.GT.32) GO 7O 103
IF (ISTAR—-40) 46446484

IF (ISTAR)Y T4,74y 176

IF (ERRP-.10) 85,85,86
ERROK =ERRP*100,

GO TO 104

WRITE (€,108)

WRITE (€,114) ERROR

WRITE (€,115) TIME

WRITE (€&,110)

WRITE (€y112) (TP(J)sJ=1yNy10)
WRITE (€,116)

WRITE (€5112) (TWP({J)yJd=1yNylU)

AT THIS POINT THE PRJIGRAM WILL CONTINUE REGARODLESS CF THE ERROR
OPTION II IS TO REDUCE THE TIME INCREMENT,

GO TO €9

N0 88 J=1,N
vid)=(viJ)+vP(Jd)) /2.
G0 TO 8C

STEP-13~

FIND 6GAS FLOW RATE AND TOTAL GAS ADDED UP TO THE NEW TIME

CONTINLE
IF (TP(1).GT.TPP) TPP=TP(1)

IF TEST(J) IS GREATER THAN 0-ONE REAL AND TWO CONJUGATE

PROCEED TO STEP S
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IMAGINERY ROOTS=~ IF TEST(J)=0., THERE WILL BE THREE
REAL ROOTS —= IF TEST(J) IS LESS THAN D-THERE WILL BE
THREE REAL AND UNEQUAL R3CTS.

NN 91 J=1,N

IF (TP(J)=-TPP) 91,911,550

WARITE (€4109) TPJDIsJy TIME,TEST(Y)

CONTINUE

GASR=C S*AREA(1)/TP L) /Z(1)+0.5%AREA(N) /TPIN) /Z (N)

DO 92 J=2,NJ

GASB=CRSB+AREA(J)I/TP{I)/2(J)

GASB=CASBR*(4%P

GSRATE=(CASR-GASA /DT

GAS=GASB—GSTART

GASCHK=CASCHK #0.25%(V{2)+VHOLD) /(CB8/AREA{2) )*DT *(PHCLD/ ZHOLD/T( 2) ¢
1P/2(2)¥/77P(2))

STEP-14~
FIND HEAT FLOW RATE TO WALL AND TOTAL HEAT ADDcD TO WALL

DO=CO{ 1)*CPW(LI*( TWP{1)~TW(1})

N0 93 J=24N
DQ=DN+RAD(JI*SQRT(1.0+DRDX{J)*%2}%CPW(J) *(TWP (J)-TW(J)}*CI(J)
Q=0+DQ

WRITE OUT RESULTS

ITER1=1TEF 1#1

IF (ITERI~-IWRITE) 95y 54,494

CALL WRITEZ2

ITERL=C

I1F (TIME.GE LENDRMP) CALL WRITE2
IF (TIMELGELENDRMP) RAMP=1000.

STEP=15-
CHECK TO SEE IF END TIME HAS BEEN REACHED

IF (TIME-ENDTIM) 96,101,101

END TIME NOT REACHED - PREPARE FOR ANCOTHER STEP

TF (TIME.GT.PM1} DT=0.1

IF (TIME.GT.PM2) DT=0,2

IF (TIME.CT.PM3) DT=0.5

IF (TIME.GT.PM4) DT=1.0

DETY=DT

TIMY=T IME

TYME=TIME+DT

TEIM=TYME+,.1

IF {TEIM.GT.ENDTIM) TYME=ENDTIM
CALL INTEFPP (FLOW,TIME3,MFLOW, TYME,FLOWP)
CHECK =FLOWP




VP=FLOWP/AREA(N)
IF (TYMELEQ.ENDTIM) DT=ENDTIM-TIME
IF (CHECK.EQ.O0.} GO TO 67
DT=0X/UVIN)*VPI*2,

97 TIME=TIME+DT

NN 98 J=1yN
T(J)=TP(J)
98 Tw(J)=TWP(JI)
GASA=CASB
LOOM=C

IF (CHECK=0.) SS459,1CC
99 NJ=N-1
GO 10 40
100 NJ=N
N=M¢]
NP=N+1
DROX(N)I=(RAD(NP )=RADIN) I/ (X(NP}=X(N))
DROX{NP)=CRDX (N}
60 10 <0

STEP=16-
END TIME EXCEEDED - INTERPCLATE CONDITIONS AT END TIME

—_OOO OO0

a1 RAT IO=(ENDTIM=TIME+DT) /DT
TIME=ENCTIM

o

N0 162 J=14N
TPOJY=T{JI+RATIOXR(TP(S)=T(J))
102 TWP (I )=TWIJIHRATIOX {TWP (J)=-TW(J})

C
Q=Q-~CQ+RATIO*CQ
GAS=GAS~GASB+CASA RRATIO*(GASB~GASA)
GASCHK =CASCHK-GASB+CASA+RATIO*({GASB-GASA)
c
C STEP-17~
C
CALL WRITEZ2
GO T 1
C

103 WRITE (€,111)
WRITE (651120 (VIJ)9J=14N,»10)
WRITE (€,113) ISTAR
G0 TO 82

104 WRITE (64y114) ERROR
WRITE (€,110)
WRITE (64112) (TP{JYyJ=1yNy1O)
WRITE (6,115) TIME
WRITE (é€é,111)
WRITE (€4112) (VUJ)4I=1yNy10)
G0 TO 89

st ook ok ok o ok ok oo 2 o ok ok sk K
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108
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110
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112
113
114
115
116
117

118

119

1015
1050
2015
2050

58

FORMAT STATEMENTS

FORMAT (1HK,71H SOLUTICN TO CUBIC BY NEWTON-RHAPSON REQUIRES MORE
1 THAN 10 ITERATIONS )

FORMAT (1H1,y3CXy29H TANK PRESSURIZATION PROGRAM/1HJ)

FORMAT (80OH
1 )

FORMAT (1HKy32H ERROR GREATER THAN ACCEPTABLZ )

FORMAT (1FL45Xy13H 5AS T(R) = F6.1495H J= 13 ,9H TIME = F5,149H
1SECONDSy9H TEST = E13.592Xs40H COMPUTED TEMP. GREATER THAN BOUND
2ARY )

FOPMAT (1HLy10Xe423H ULLAGE GAS TEMP PROFILE IN PROCRAM UNITS /1X)

FORMAT (1HL,10X,108H INSTANTANEOUS ULLAGE GAS FLORATES FROM TOP TO
1 INTERFACE-NEGATIVE VALUES ARE UNSTABLE=~RATES IN PRCGRAM UNTS /1IX)

FORMAT (1P8G15.7)

FOPMAT (1HL, 10X,15H4 ITERATIONS = I3}

FORMAT (1HL,10X,18H PERCENT ERROR = F5.1,10H PERCENT /1X)

FORMAT (1HL,y10X,17H TIME IN RAMP = F5.1,10H SECONCS 71X}

FORMAT (1FHLy10Xy43H ULLAGE WALL TEMP PROFILE = PROGRAM UNITS /1X}

FORMAT (1HL,2XylTH GAS SUPPLIED = FT7.3,5H LBS,2X,14H GAS CHECK
1= F7.345H LBSy2Xy144 RAMP TIME = FT.2,9H SECCNDS)

FORMAT (1HKy2Xy13H GAS FLOW = E13.5,9H LBS/SEC,2X415H ITERATION
1S = I3,2%X,17H HEAT TO WALL = £13.595H B8TU)

FORMAT ( 1+K,50H ONE OR MORE NEGATIVE GAS VELOCITIES ARE COMPUTED )

FORMAT (1HK,23H INITIAL ULLAGE GAS = F6.3,54 LBS)

FORMAT (1K, 2S5H INITIAL HEAT TO WALL = F7.1, 5H BTU)

FORMAT (1#K,23H INITIAL ULLAGE GAS = F6.3,10H KILCGRAM)

FORMAT (1HK, 25H INITIAL HEAT TQ WALL = Ell.4, 7H JCULE)

END
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SUBRGC
DIMEN

[ NI I I SR PR N

DINVEN

(S0 SERVERL NI o

COMMO

[« JCVI ST I SR ORL U

COMMO
i
Z
34N
WHEN
The S
E ST LT
IF(RA
RACIL
ULLAG
CARALC
HCONS
ACTFU
SPRGT
SPwSS
Gla =
RCONS
TALE
AR =
AlC
A3S
ALR

APPENDIX D

SUBROUTINES - COMMON TO BOTH PROGRAMS

LUTINE SINTS

SICGN
TGAS(30).TIMEL(30),PLATA(30),TIMEZ2(30),
FLOW(30)« TIME3(30),TSAT(30),TIME4(30),
TBULK(30),TIMES5(30).CCUTD(30).TIMEE(30),
CIND(30)TIMET(30)+ZAV(L50),
TWINO(30)40ISTL(30)TGIND(302.D15T2(30),
X(1900eT(150)¢TP(LS50) s TWLL50) +TWP(150) V(150
CPUL150) sCPWIL5C) oHIL1E0) 9201500 021(150) +422(150),
RAD(150) sAREAC150) s YRAD{ 150) + XRAU(150) +ORDX(150)

SICN

C5(150)eCI(150)YTICKIS0D o XXT(50),TICK (150)

e TWBK (302 DIST7(30) 4 TWCUL30)DISTH(30)«TSIN(30),DISTI(30),
TWAL{(30),DISLA(30),CPEK{L50)TWB(150)»TB(150)4CPCUIL50),
TuC150) + TCUA50)4CPST (1502 TSTIL50) »TZL150)+CPAL(150)
TALS(150) «TBCI150)«TTTL150),PRAM(150)

N

XoeToTPoTWeTHPsVICPeCPReTOAS TIMEL+MTGASPCATAL,TIME2,MPDATA,
FLOWSTIMEI «MFLOMeTSAT o TIME4MTSAT ,TBULK,TIMES ,MTBULK,» QOUTD,
TIMEG o MOOUT o QINDeTIME 74 MOININe NP o XNoULLAGEZRADIUS »DQ»

SPRGT o XMOL EC o« GSTART ¢+ HCUNST o TIMEsGAS 909 GASCHK 3 GSRATE DT,
ZCONST oo HMULT o HEXP o YRAD s XRAD o MRAD s TNKW To CUTR O INSUNUMS,
PT“[NQ’TG!“Q"T‘CKONTBAK'MTCU'MTSSOMTALQ

TWINDoCISTlo TGINDoDIST2oYTICK oXXT o TWBK+DISTT7,
TWAL+DISA1eTWCULDISTB.TSTN.GISTO

Y

CARADLADIFU. SPWSS yUILARCONST+ TADD+sABsALC» A3S,ASBenTBsWTLC,
w13SenT58

IR P P TR T SRR S RS LSS 222 2222222 22 2 SR 2 R EE A R ELE S S L

USING THIS SUBROUTINE FUR THE PRESSURIZATION PROGRAM = USE
AME CIMENSION ANC COMMCN APPEARING IN ThE MAIN PROGKAM o
SRR RREE KR PRRE KR KRR KK Kk R Kk Ok ok ok ko ko ok ook ok oK Kk ok kK R
CIUS «LEe Q40) GO TO 10
S = RACIUS/0.3U48

£ = ULLAGE/0.3048

= CARAD/G.30456

T = HCCNST/3.1524808/1.8
ACIFU/ «(5290304
SPWGT/ 16018463
SPwSS/716.0184¢€3
LIA/70.3048

T = RCCNST/063048

= TAGLC * 1.8

AB/ (9290304
ALC/eC9290304
A35/C929C304
ASR/.(929C304

wonou




wlE = wIB/e4535G237
wllC wT1C/.45356237
wT3S wT35/.45356237
wT5B = aT5B/e45325$237
[FIMTGAS LT« 1)GG TO 102
NDC 101 J=1.MTGAS
101 TGAS{J4) = TGAS{J) * 1.8
102 IFUMPLATA +LTe 1)GO TU 106
NG 104 J=1.MPDATA
104 PCATA(J) = PDATA(JI/47.880258 * 0«1000000E+07
106 (F(MFLOW oL Te 1)G0 TO 109
00 1C8 J=1+MFLOW
1C8 FLOWLJY) = FLOW(JD/e3C4B%%3
106 IF(MTSAT LT« 1) GU TO 112
DO 110 Jd=1.MTSAT
LIO TSAT(J) = TSAT(J) * 1.8
112 IF(MTBULK LT« 13GO TO 116
DO 114 J=1.¢TBULK
114 TBULK(J) = TBULK(J) * ].8
116 IF(MCCULT «LT. 1260 TO 120
DO 117 J=1.M0UT
117 QOUTD(J4) = COUTD(J)I/11348.931
120 [F(MQIN «LTe 1)G0 TO 130
DO 121 J=1.MUIN
121 QIND(J) = CIND(JDI/105443503 * <3048
130 [F(MTWIN «LT. 1360 TO 134
DO 131 J=1.F¢THIN
TwIND(J)= TwiIND(J)I*]1.8
131 DISTI(JI= DIST1(J)I/0e3048
L34 IF(MTIGIN «LTe 1)GO TO 138
NO 135 J= 1.MTGIN
TGIND(J)= TGIND{J)*1.8
135 DIST2(J)= CIST20Jd)/Uue3048
138 [F(MRAD «LTe 1)GC TO 141
DG 139 J=1,.MRAD
YRAD{J)= YRAD(J)I/0.304E&
139 XRAD(JI= XRAD(J)I/03048
141 LE(MTICK oLTe 1)GGC TO LM44
DO 142 J=1.MTICK
YTICK{JD)= YTICK(J)}/03048
142 XXTlJi= XXT(J)/Ce3048
144 [F(MTBAK «LT. 1)GO TGO 147
DO 145 J=1.MTBAK
TWEK(J)= TuBK(JI*].8
145 DIST7(J)= DISTT(J)/0.30438
147 TF(MTCU oL Te 1360 TO 150
DC 148 J=l.MTCU
TWwCU(JDI= TuCU(J)I*1l.8
148 DIST8(J)= DIST8(JI)I/0.3048
150 ITFINMTSS «LT. 1)G0 TGO 153
DG 151 J=1.MTSS
TSIN(JI= TSTN(JI*1.8
151 DISTS(JI=DISTI(J)/C.3048
123 IF(MTAL .1T. 1)GO TO 156
DO 154 J=1.MTAL
That (Jd= TwAL(Jd)*].8

154 D1S11(42=0IS11{(J4)/043048
156 CONTINUE

RETURN



~

~

-~

-~

66

13
5

17

19

21

FCR THE PRESSURIZATICN PROGRAM = REMOVE ALL STATEMENTS FRUM l44
THROUGH 154 = CHANGE STATEMENT NUMBER 156 TO 144 .

ENE

SUBRCUTINE SPHEAT{T+TW.CP+CPmo XMOLEC)
DIMENSICN CPTENP(19)CPWALLULS) JCTEMP(L5),LGAS(15)

CATA FOR SP KT OF ALUM ALLOY 2219-1852

( THERMOPHYSICAL PROPERTIES RESEARCH CENTER-PURDUE UNIVe.)
OATA (CPTENMP(UI+CPWALLI(J) ¢J=19195)7/ 3604002094569 00042¢54040074,72
1eee01814¢9Ceee0330410800005130102604¢400692¢144090083791620+¢09G4,1800
740102C027004e¢16CCe315¢¢0172C13600¢61830043261¢2029+54004+42080/

CATA FOR SPECIFIC HEAT OQF HYDROGEN AT 50 PSIA (NBS)

DATA (CTEMP(U)eCGAS(U) eJ=1915)74%¢5¢306944808¢3640+506093630+5540
1930505800070 92+€060+2085:0€50092076970e092e65+80e0+2002910040,
2206002006002 72+¢250e0902¢88+30060+36082¢35060¢3e28+450e003e42/

IfF (Tw-CPTEMP(1)) 1+1,3

CPmn = CPWALLI(L)

G0 1C 9

DO 7 I=2415

IF (Tw=CPTFMPLID)) 5+5,7

CPw = CPwWALLI(I-1) + (TwW ~CPTEMPLI-1))/(CPTEMPLII-CPTEMPLI-L))
1 #(CPwaALLID-CPwWALLLI-1))

GC TO §

CONT INUE
CPwn = CPwWALL(15)

{F (XMOLEC~3.0) 13.13.11
CP = le24
RETURN

IF (T=CTEMP(1)) 15415417
CP = CGAS(])
RFTURN

OC 21 Jd=2.15

IF (T=-CTEMP(J)) 19419421

CP = CGASUJI=1I+{T-CTEMPLJI=1))/(CTEMP(J)I-CTEMP(J-1) )%
1 (CGAS{J)I-CGASLJ=1))

RETURN

CONT INUE

CP = (GAS(15)
RETURN

EnC




-~ .

1007

30

31

SUBRCUTINE WRITE 1

DIMENSICN
TGAS{(30) +TIMEL(30)+PLATA(30).TIME2(30),
FLOW(30) e TIMEI(30) o TSAT(30),TIMES(3D),
TBULK(30)«TIMES(30).0CLTDI30),TIMES(30),
CIND(30)TIMET(30).2AV(150),
TwINC(30).01ST1(30),TGIND{30),DIST2(30),
X{1500eTCE50)+TPL150)«TW(L50)+TWP(150),vI150),
CPUL150)+CPW{L50)«HIL50)s2{150)+21(150) +22(150),
RAD(150) «AREA(150) « YRAD( 150) o+ XRAD(150) »DRDX(150)
DIMENSICN
C50150)CSU150) o YTICK(50) +XXT(50),TICK (150)
«TWBK{30)4DIST7(30)+TwCU(30).DISTB(30),TSTN(30),DISTI(30),
TwAL({30)+DIS11(30).CPBK{L50),TWB(150),TB(150),CPCU(150),
TuCl150)s TCL150)CPST(150)+TSTIL50)+TZL150),CPALCL50),
TALS(150) +TBC(150)+TTT{150).PRAM{150)

[« N NS T S

Wb W e

CCMMEN
XeToTPoTWoTWFPoVeCP+CPReTGAS, TIMEL +MTGAS yPDATAL,TIME2,MPDATA,
FLOWs TIME3 MFLOWeTSAT « TIME4«MTSAT.TBULK»TIMES yMTBULK, QQUTD,
TIME6G«MOOUTsOINDoTIMET«MUINsNo NP o XNoULLAGE +RADIUS »DU»

SPWGT e XMOLEC 9 GSTART yHCONST o TIME+GAS +QeGASCHK ¢ GSRATE DT,
ZEONSToeHo HMULT yHEXP o YRAD o XRAD ¢ MRAD ¢ TNKW T2 CCTR »OIN»UNUMS,y
MFTWINGMTGINSMTICK MTRBAKsMTCUSMTSSoMTAL
TWINDDISTLeTGIND eDIST2+YTICK oXXT o ThBKCIST7,

TWAL e DIST1eTWCULDISTB.TSTNSDISTY

@S W~

CCMMON
i CARADJADIFUs SPWSS+DIAWRCONST+TADD»AByALC o A3S+ASByWTBsWTILC
é WT3S.hT58

WHEN LSING THIS SUBRCOUTINE FCR THE PRESSURIZATION PROGRAM - USE
THE SAME DIMENSION AND CCMMON 4PPEARING IN THE MAIN PROGRAM .

WRITFE (6.1007)
FOKMAT (1L 12H INPUT CATA)

N = XN

OX = ULLLAGE/ZIXN=1.0)

DG 30 J=2.N

XJTICK = J-1

X CXx % XJTICK

X1} Qe

00 31 Jd=1.N

CALL INTERP (TWINCoDISTLsMTWINX(JI+TWl(J))
CALL INTERP (TGINDeDISTZ2eMIGINGX{(J)LT(JI)

#

67



101l
C
1010

1036

68

TFIUNUMS)IT0041010100
WwRITE (6.1010)

FCRMAT (1HL «9Xe 32K

i 10X o« 1 9H
2l 10X e 16H
3 10X «30H
4 10Xe21H

XN osLLLAGE «RAUIUSy SPRGT o XMGLEC

INITIAL NUMBER UF NETPOINTS = F3.0/

INITIAL ULLAGE = F6e3,0H FEET/
TANK RADIUS = Fé6e3,€6H FEET/

TANK walLL SPECIFIC WEIGHT = F6ely16H LBS/CUBIC ¥0O0T/

MOLECULAR wWEIGHT = F3.1)
WRITE (6.10C8)

FURMAT (IHL +9Xe4CH

WRITE (61009}

FCRMAT (F2Cely

WwRITE (€41030)

GAS TEMP.OEG R )

(TGAS(J)s TIMEL(JD)y J = LyMTGAS)

F25e1)

FORMAT {1HL «9X 04 TH

1 /71X)

WRITE (641009)

WRITE (€,1031)

FORMAT(IHL «9X o4 4t

11x)

WRITE (6+,1032)

PRESSURE.LBS/SQ FT VS TIME»SECONDS
(PCATA(J) +TIME2(J)eJ=1+MPDATA)
FLOW RATE, CU FT/SEC VS TIME,SECONDS

(FLOW(J) e TIME3(J) +d=1sMFLONW)

FORMAT (FZ20e4eF25.1)

WRITE (641033)
FCRMAT (1HL «9X+4SH

1 /1Xx)

WRITE (641009)

WRITE (€41034)

SATURATION TEMP,DEG R vS

(TSAT(JD)TIME4(Jd) oJ=1+MTSAT)

FORMAT (1FL e9X944H

1x)

WRITE (641C09)

WRITE (6.1035)

BULK TEMP,DEG R Vs TIME.SECONDS

{TBULK(J) o TIMES(J) +J=1MTBULK)

FORMAT (1Rl »9Xe63H CUTSIDE HEATING RATE.BTU/SC FT-SEC
ITIME.SECONDS

WRITE (6,1032)

WRITF (6.1036)

/1X)

(QCUTD(J) s TIMEG(J) +d=1MLOUT)

FERMAT (1HL +9Xe€2h
ITIME «SECONLCS

/1X)

INSIDE HEATING RATEBTU/LINEAR FT-SEC

TIME ,SECONDS/ 1X)

VS

Vs

TIME,SECUNDS

/1




b

c

C

C
1613

100

4010

«008

4C09
4030
4031

4032

WRITE (641032) (CINDEJISTIMET(J) +d=1MIIN)
WRITE (6.1013)

FCRMAT (1HL+9Xe35H INITIAL TEMPERATURE~-DEGe RANKINE /1HK,
1 9Xel4H X CUURDINATE«S5Xs 18H WALL TEMPERATURE +5X¢

Z 17h  €EAS TEMPERATURE/1X)

WRITE (641014) (X(J)eTlJd)eTlJ)e J=1sN)
FGRMAT (FlSe2¢ F22e1e F23.1)

WRITE (6.2050)

FORNAT (1HL+9X s 48+ TANK RADIUS (FEET) VS AXIAL DISTANCE (FEET) )
WRITE (6+42051) (YRAD(JI+XRAD(J)s J=1+MRAD)

FORNAT (F20e34F2542)

IF (RCCNST) 545,61
WRITE (6.1039)

FORMAT (1hKy 46k HEAT TRANSFER COEFFICIENT wILL BE COMPUTED }
WRITFEF (6.1051) BMULT. HEXP

FORMAT (1HJW10H HMULT = Fée4eSH HEXP = F6e4)

GO0 T0 9

HCCNST = 3600+%HCCNST
WRITE (641040) HCCNST

FORMAT (1HKs 33H CONSTANT HEAT TRANSFER COEFF = F6e2023H BTU/SQ
1FT-HOUR-CFG R )

HCCNST = HCONST/3600.
GO TO 9
WRITE (6,4010) XN yULLAGE + RADIUSe SPWGT s XMOLEC

FCRMAT (1ML «9Xe32H INITIAL NUMBER OF NETPOINTS = F3.0/
10X+ 19h INITIAL ULLAGE = F7e3,7H METER/
10X+ 16H TANK RADILS = Fée3sTH METER/

i
7
3 10Xe30H TANK WALL SPECIFIC WEIGHT = FéeleloH KG/CUBIC METER/
4

10X ¢21t MOLECULAR WEIGHT = F3.1)
WRITE (6.4008)

FCRMAT (1HL+9Xe4CH GAS TEMPLDEG K vS TIME SECONDS/1X)
wRITE (6+,4009) (TGAS(J)e TIMEL(J)s J = LeMTGAS)
FCRMAT (F20e1s FZ5.1)

WRITE (644030)

FORMAT (1HL+9Xe44H PRESSURE M-NEWTON/SQO M vs TIME,SECONDS/1X)
WRITE (6,4009) (PDATA(J) «TIME2(J)eJ=1.MPDATA)

WRITF (6,4031)

FCRMAT (1Bl o9Xe44F FLOW RATE, CU M/SEC vs§s TIME+SECONDS /

11x)
WRITE (6,4032) (FLOW(JISTIMEI(J) +J=1 e MFLOW)
FORMAT (FZ20e4+F25.1)

WwRITF (€£.4033)
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4033

4034

4035

4036

4013

4014

20
4039

c
40591

70
4040

SO

4090

i3

1042

15
1041

17

77

70

FOKMAT (1ML «9X+49H SATURATION TEMPLDEG K VS TIME, SECONDS
] /1x)

WRITE (€+40C9) (TSAT(J),TIME4{U) sd=1,MTSAT)

whkiITE (64+4034)

FORMAT (lHLe9Xe44H BULK TEMPJLEG K VS TIME,SECONDS /1
1x)

WRITE (644009) (TBULK(J)+TIMES(J) «d=1eMT3ULK)

WRITE (€4.4035)

FORMAT (1RL +9Xe€3h CUTSIDE HEATING RATEZJOULE/SQ M-SEC )
ITIMELSECCNDS /1x)

WRITE (€44032) (QOUTO(J) +TIMEG(J) «J=1+MCOUT)

WRITE (6+44036)

FCRMAT (1hL «9Xe62H INSIDE HEATING RATE, JOULE/METER-SEC )
ITIME.SECONCS /1X)

WRITE 16+4032) (UIND(JDTINMET(J) +J=1sMQIN)

WRITE (£€.4013)

FORMAT (1bhLe9Xe34H INITIAL TEMPERATURE-DEGe KELVIN /1lHK,

1 9Xs14b X COORUINATE.5Xe 18H WALL TEMPERATURE +5X,
¢ 17H GAS TEMPERATURE/1IX)

WRITE (6+4014) (Xx{J)sTW(J)Tld)y J=1.N)

FCRMAT (F1Se2¢ F22els F23.41)

IF (HCCNST) 50.5C,70

WRITE (€44039)

FGRMAT (1HK. 460 HEAT TRANSFER COEFFICIENT wIiLL BE CUMPUTED )
WRITE (6+4051) FMULT. HEXP

FORMAT (1HJ+10H HMULT = Fé€e4e9H HEXP = FOe4)

GO 10 SO

WRITE (£44040)

FORMAT (1HK, 33H CONSTANT HEAT TRANSFER COEFF = F6e2y24H WATTS/S

1U-METER-DEG K )}

COMNTINUE

WRITE (644C50)

FORMAT (1HL +9Xe48H TANK RADIUS (METER) VS AXIAL DISTANCE (METER)
1)

WRITE (6+42051) (YRAD(J)IXRAC(J)» J=1eMRAD)

CCNTINUE

IF (7CCNST) 13,13.15
WRITFE (£41042)

FORMAT (1FkK,
GG 10 17

25k A REAL GAS IS ASSUMED

WRITE (641041)

FOCRMAT (1HKe 270 AN IDEAL GAS [S ASSUMED )
CCANTINUE
IF (XMCLEC = 3e0) 22.224+23

WRITE (6,101




1011

23
1012

25

FORMAT

(1hk, 28F

GG 1€ 25

wRITF

FORMAT

(6,1012)

(1HK e 264

CCATINUE
RETURN

ENE

THE PRESSURANT [S HYDROGEN/1HL»9X»9H RESULTS)

THE PRESSURANT IS HELIUM/1H1,9X,9H RESULTS)
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SUBRCUTINE COMPRS (ToPeZZv21leZ2XMCLEC)

DIMENSICN PX{17)eTX(20)42(20+17)

IF (3.0-XMCLEC) 3,545

il = .0

/71 = 1.0

72 = 1.0

RETURN

CONTINUE

COMPRESSIRILITY DATA (Z(T+P) VALUES CCMPUTED FRUM DATA OF
NBS TN 1204)

DATA(PX(Jd)ed=1017)/ 144009 2117e9 28800y 943206y 5760y 72000,
1 8640+ 10080e+1152009129600 9144000172800
7 20160¢¢2304009259200,288004,36000¢/

DATA(TX(d)ed=1020)/ 3409 3804 4249 46009 5009 5404 58e¢ 620
l 66.. 70.. -‘".' 78., 82.’ 86" 90.'100.'

2 1206014004160 ¢2006/

DATA((Z(JeK)ed=1920)4K=1e9)/
091534093450 ¢54829 09577 409644+069695909734003764¢09789449809,
0982500983895 8499058580098660¢98829095009¢99109991699922,
087606009074 009276¢¢5411 995132095589 9¢96479096939¢97290+9758,
@eG782¢¢980]1 0098180098329 098435¢9866909893,499089¢99169¢9924%,
el T7180e87180e9012009212+09355409461309542+096059¢9054499695,
0572799754409 77 70051564+ ¢98129¢96437¢5880191¢98999e99119¢9922,
08036¢08036+08481¢08819¢09049+¢92179093430094419951899579,
0662590967 0005 70440573390 97574098039¢965G90988990990699923,
080629080924 ¢8062+083919e8727+089€3+0691399092739¢9378409462,
0352G 00958500963 1909670009702¢097649¢983G9eG8789¢99019+9923,
072651007257 007125Te0751600e8380ee86974908628909102+09236+49343,
0542900946599 095580056C60090470657259e¢581F9¢98689¢9896+09924,
0713924073924 04392007392¢080029084160e8708¢089264+e9092¢09222
0632700541300 948%90954349¢9592+069686+09798+098589¢9892¢¢9925,
0082740082 Tee6082T906827 90758600811 8+08475908744¢+48945449100,
09224009326009410¢09479009537 4096047109 7789e¢98489+9887 909926,
e62Blve62810062810e628leeTlléeeTl19B89e8240+08557¢08794948975,
091202092399 09335+094159 0948200960899 7589298379e9883,49926/
CATA((Z(JaK)ed=1420)eK=10,17)/
06563006593 ¢06593006553¢0659300145000795899+8364++8641+.8848,
0901%¢09150¢09260009351 0094270099699 97359¢98284+e9878909927
06735¢06735006735006735¢¢6735¢07063007723+0816348484948718,
eBG06¢09061 909185005287 009372909531 9e9715409818+0987499928,
060680060580 e6CSEeebLS5Bee60SBre60989eT1369e7733908145448462,
0669900887606 903190G157¢09202¢09492993680+997989098669¢9932,
04699004689004689'04689004089004689906429v072560-7775'08204’
8897008671 0088660065024+ 09192¢093720095641909 7804985899937,
032980032580¢3298003298903298¢032989053329067749eT7476047882
0823348530087 3%40 085749 09042+0¢9288+09602¢¢97611098509¢9942»
©3632903632003632903632¢036320036329036329e0260007232+47520,
071952908401 908603408655, 0893200916690 95630e974%0¢093439e9947,
¢512G005120009120¢¢512040512000512044512006548200004949e7327,
077929081 2300641200809442582300902T7009524909726009836929953
e0427e06042740642T 006427 +0642700642T+e642106642T 0060427446427,
e 7150007661 +e8028¢083140089593069001906941%9¢e96849098219e99060/

N e N e A s A e N e N e N e A e A e

AN e NG e N e N e R e A e A e A e




11

13

15

17

19

25

21

31

IF (Tx{20)-T) 11,13,13

27 = 1«0
71 = 1.0
1 = 10
RETURN

06 17 J=1.19
JJ = 20 - J
IF (TX(JJ)=-T) 15415417

NT = JJ
GO TO 19

CCNT INUE
GC 70 11

IFIP=-PX(1)) 11,23.,23
DO 27 J=2.11
IF (P=-PX(J)) 2%2425.27

NP = J-=1
60 TO 31

CCMTINUE
GG 10 11

ZA ZINToNPI4(P=PXINPII/ (FEXINP+LI=PXINP)II*( ZINT 4NP+L)I=Z(NT,NP))

IR ZINT+1.NPI+(P=-PXINP))I/(PXINP+L)=PXIAP))*
1 (ZINT+1eNP+1)=Z(NT+1.NP))

([}

17 = 7A + (T=-TXINT)IZLTXINT+1)-TXINT)I*(1IB=-24A)
WICT = (ZB=ZA)/{TXINT+1)=TX(NT))

Z1 22+4720707

[}

DIGP = (ZANT NP+1)=ZINT/NPI+{T-TXINTII/{TX(NT+1I=-TX{NTI)*
1 (ZINTHLNP+L)I=Z(NT+1LoNPI=Z(NT oNP+L)I+Z(NToNP)) I/ {PX(NP+1)=PX(NP))

12 = 171-P*020P
RETURN

ENC
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SUPRCUTINE FCOEFF (ToTTT oPoeXLoHePRANMyZCONST ¢ HMULT o REXP o XMGLEC)
DIFENSION VIY(2:7)oVIX{2,7).COY(2e7)C0OX(247)

FYDRGGEN VISCOSITY DATA ((LB)(SEC)/(SQ FT))

(CATA FROM HILSENRATH, ET AL)
DATA(VIY(loddeVIX(Ledded=1e7)/ e LQ64E~7+s18e 90 6005E=79108ey
l 10001E‘70216001-3245-70324.'10654E‘7'4500'l¢954E‘7'576"
2 e195E=7e6E40e/

HYDRGGEN THERMAL CONCUCTIVITY DATA (BTU/Z(SECI(FT)I(DEG R/FT))
(CATA FROM HILSENRATH. ET AL)

CATA(COY(LeJ)»CCX{Lod)ed=1e7)/ el 18TE=5318¢ ve6780E~5,1089,

| 16268E<-5¢2160¢1e¢8T1E=543240920505E=5¢450e93e075E=5¢576¢

¢ 3e¢520E-5.¢L844/

FELTUM VISCUSITY DATA (LB-SEC/SQ FT)» (VANCE AND DUKE)

DATA (VIY(2¢J)eVIX{(2:¢d)ed=19T)/ ¢3T6E=70¢1069e668E~T7930ey1002E~-7,
1l 60e+)e420E=T9100002¢257TE=192C0e03e528E~7¢49400e+360075E~7+8004/

RELIUM THERMAL COND CATA (BTU/SEC~-FT-DEG R) (VANCE AND DUKE)

CATA (COY(24Jd)+CCX{2e43ed=1e10/ e lBOBE=59100¢e379E~513009¢597E~-5,
1 600.08345—5'100.010277E'5'200.0205-504000030445E-598000/
«S*XMCGLEC

154544

M
R
C XMOLEC*P/R

[ T ]

TAV = 05%(T+TTT)
RHESO = (C/TAV)I#%2

DC 1 J=2,1
IF (TAV=-VIX(Myd)) 343,17

VISC = VIV (MeJ= 1) +{TAV=VIX{Med=1))/(VIX{KsJI=VIX(MyJ—i))*
1 (VIYIM,J)=VIY(MeJ=~1))
60 TO S

CCNTINUE
VISC = vivYiMe.1)

DG 15 J=2¢17
[F (TAV=-COX{(MeJdD)) 1Llslleld

COND = COY (M, J=1)+(TAV=COX{MoJ=1DI/(COX{MyJ)-CCX(Myd-1))*
1 (CGY (M J)-COY(MyI=~1))
GG 10 17

CONTINUE
COND = COY{MeT)

CALL SPHEAT (TAVeTAVCP,CPuy XMULEC)




19
73
’25
27

29

TOIFF= ABS(TTIT-T)

[F (TRIFF-1.0) 19623,23

TOIFF = 1.C

IF (ZCCANST) 271¢21.25

HETA = 1.0/TAV

GC TO 2%

CALL CCMPRS(TAV P oeZ421422+XNCLEC)
BETA = Z11/1/TAV

XHCLD = ALOGUXL**3%RHOSQ*CP*TDIFF/VISC/CCND*BETA)
XRCLLC = RHEXP*XHOLD

XHCLD = EXPUXHGLD)

H = HMULT*(COND/XL)%®XHGLD

PVC = COND * { Je0/(32.1T7*VISC)I%%0.8
POL = (CP = VISC/COND * 32.,17)%%,333
PRAM = PDL * PVC

RETURN

ENT
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SUBRGUTINE INTERP (Y eXoMosARGeANS)

DIMENSICN Y(100).X(100)

—

IF (M=1) 3.5.7
3 KETURN

5 ANS = Y(1)
RETURN

7 IF (ARG-X(1)) £45.9

Y9 DO 13 J=2.¥
IFCARG=-X(JD)) 1le11l.13

11 ANS = Y(J=1)+(ARG=X{J=10)/IX{IN=-X{(J=1)I*(Y(J)=-Y(J~1))
RETURN

13 CCNTINUE
ANS = Y(M)

RFETURN

ENE




OUTPUT FOR EXPULSION PROGRAM

SUBROUTINE WRITE 2

DIMENSION
TGAS{30),TIMELL30)PCATA(30),TIMEZ(30),
FLOW(30)e TIME3(30)+TSAT(30),TIME4(3D),
TRBULK{30).TIMES(30)eQCUTO{30)»TIMEG6(30),
CIND(30Q)eTIMET(30)eZAVI150),
TwiNC(30)DIST1(30)TGIND(30),DIST2(30),
X{150)eT(150)eTP(150)+sTW{150)TWP(150),vV{150),
CPU1S0)CPW(150)H(150)4+2(1500+,21(150)+22(150),
RAD(150) +AREA(150).YRAD{(150) +XRAD(150) 4DRDX{150)
DIMENSICN
C5(150)C91(150) s YTICK(50)+XXT(50),TICK (150)
s TWBK(30),CISTT{30)TWCUL(30),DISTB(30),TSIN(30),DISTI(30),
TWAL(30)+01511(30),CPBK(150)TW(150),TB(150)CPCU(150),
TWC(150)+TCL150)+CPST(150),TST(150),TZ(150),CPAL(L50),
TALS(150),TBCULI50),TTTL150) .PRAMILI50)

[« BN« S P SR VRN

U S W N

CCMMON
XeToTP s To TWP s VoCPsCPWs TGASTIMEL+MTGAS yPCATA,TIME2,MPDATA,
FLOWs TIME3sMFLOWsTSAT +TIME4oMTSAT o TBULK ¢ TIMES ¢ MTBULK » QOUTD»
TIMEG+MOOUTCINDe TIMETMOINSNoNP o XN+ULLAGESRADIUS »DQy
SPWGT « XMOLEC +GSTART s HCONSTo TIME«GAS ¢Q¢GASCHK y GSRATE DT,
ZCONSToHoHMULT o HEXP o YRAD ¢ XRAD »MRAD s TNKW Ty COTR2QIN9UNUMS,
FTHINCKTGINGMTICK eMTBAKoMTCUs MTSS o MTAL,
TWINDoDIST1+TGINDeOIST2+YTICK +XXT e TWBK»DISTT,
TWAL «DIS11eTWCUSDISTBTSTNLDISTS

© NS W N

COMMON

1 CARADSADIFU . SPWSS+DIASRCONST+TADDsABsALC+A3S+ASBskTBsWTILC,
4 #T3S+6T58

{F(UNUNS «GTe 0e) GO TO 200
WRITE (6410161 TIME«GAS,QsV(2)
C
1016 FOKRMAT (1HL/LHL,SH TIME = F6ele9H SECCNDSy5Xs17H GAS SUPPLIED
1 F7e3¢5H LBSe5XelTH HEAT TO WALL = FB8els5H BTU»S5X,
2 14K INLET VEL = F6+4410H FEET/SEC)

C
WRITE (6+,1017) COTRyGASCHK sGSRATE +QIN
C
1017 FORMAT (1HK+16H HEAT TO LIO = F7e1+5H B8TUSy»3Xs17H CHECK ON GAS
1 FTe3.5H LBS+3Xe1l3H GAS FLOW = FTe4+9H LBS/SEC,
72 3Xel16H KEAT TG HARD = Fébe4o13H BTU/(FT-SECH)

i

C
wRITE (6.1018)
s
1018 FORMAT (1hKs10H Xe FEET,2Xel1lH w®ALL T(R),11lH GAS T{R)»7Xy
1 108 X, FEET,2Xe11H WALL T(R),1lH GAS T{R)7X+10H Xo FEET,
2 ZXelltH WALL T(R)s11H GAS T(R)I/1X}

WwRITE (6,1020) (X(JD) e TWP L J) s TPLJD1J=1NP)
1020 FORMAT (F10020F12.10F12010F11020F120lﬁFlZolOFl?.Z.FlZo 1eFl2e1)

RETURN
20C CONTINMUE

(N
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D0 201 J=1.NP
X{Jd)= X(J)*0e3048
TP(4)= TP(J)/1.8
TwfFldd= TwP(Jd)/1le8
201 CONTINUE
GAS = GAS * 0.4535G237
RT = € * 105443503
VIZ2)= V(2)*03048
COLA = CCTR * 10%4.3503
DBLCK = GASCHK * 06453592341
GSRATE = GSRATE * (0445359237
QIN= CIN * 3459.1415
WRITE (64300) TIMEWGASRTV(2)

300 FORMAT (1HL/1IHLSH TIME = F6ele9H SECUNDSe5Xe16H GAS SUPPLIED =
1F7e4eSh KILOGRAM, 1Xe17H HEAT TO WwALL = Elle4yéH JOULE.L1Xe14H INL
7ET VEL = F6e4:1CH METER/SEC)

WRITF (£4305) CCLAJDBLCK+GSRATELQIN

305 FORMAT (1HKel6H HEAT TO LI10 = El2e5¢2H JolXs17H CHECK ON GAS = F
17304k KGes4Xe13H GAS FLOW = F7e498H KG/SECs1Xe16H HEAT TO HARD
2= Ellebo10k J/7(M=-SEC))

WRITE (6+.310)

31C FOGRMAT (1HK,10H Xeo METERe1Xs13H WwALL TEMP-K,l4H GAS TEMP-K,3X
1100 Xo METER,1Xs13h WwWALL TEMP=-K,.1l4H GAS TEMP=K¢3Xe1l0H X, ME
2TEReAIXe1l3H WALL TEMP—K,s1l4H GAS TEMP=-K/1X)

WRITE(G6+4311) (XCJD)eTwP(J) o TP{J)ed=1NP)

311 FORMAT (FlOe4+F1l2eloFl2elsFlTedetlcelsFleoeloFlieasFl2el9Fl201)

210 COATINUE

DO 211 J=1.NP

X{Jd) = X{J)I/e3048

TP(J) = TP(J) * 1.8

TwWP(Jd) = TwP{J) * ].8
211 CCNTINUE

GAS = GAS / 0445359237

V(Z) = V(2)/7.3048

CIN = CIN/3459414175

RETURN

ENC




209

201

210

211

OUTPUT FOR RAMP PROGRAM

SUBROUTINE WRITEZ2

DIMENS ION TGAS(10Q), TIME1(100Q0), PDATA(100), TIME2{100), FLCW(25),
1 TIME3(25)}, TSAT(S0}, TIME4(50), TBULK(25), TIMES(25),y COUTD(25),
2TIME6( 25), QIND(25)y TIMET(25), ZAV(250), TWIND(100), DIST1(103),
3TGIND(100), DIST2(100), X(25C), T(250),y TP(250), TWI{250), TWP(250)
4y V(25C), VP(250), CP(250), CPW(250), H(250), 2(250)y 21{(250), Z2{
5250), RAD{(250), AREA(250), YRAD{250), XRAD(250), DRCX(250), TESTI(2
650)

DIMENS ION C51 250}, C9(250), YTICK(250), XXT(250), TICK{250), XR(3)
1y AQ(3)

COMMION XyTsTP oy ThoTWPyVCP yCPWyTGASy TIMEL yMTGAS yPDATAWTINME2,y MPDAT Ay
LFLOWy TIME3,MFLOWy TSAT 3 TIME4 yMTSATyTBULKy TIMES s MTBULKs QOUTD s TIME6eM
200UT, QINDy TIMETyMQINy NyNP y XNy ULLAGE yRADIUS,TLIDSPWGT yXMOLEC, GSTAR
3T yHCOINSTy TIMEy GAS yQyGASCHKyGSRATE 9D T+ ZCONST yH yHMULT oHEXP,YRADyXRAD
4y MRADy CQe QINy UNUMS,y TWINDyDISTL1yMTWIN, TGIND,DI ST24MTGIN,DIA,
STADCy YT ICKs XXTyMTICK

IF(UNUMS .GT. 0.) GG TO 200
WRITE (6éy1) TIME,GASyQ,yVIl)

WRITE (6492) GASCHK,GSRATE, VINP)

WRITE (€,3)

WRITE (6494) (X{J)TWP(J)yTP(J)yJI=14N)

RETURN

CONTINUE

DO 201 J=1,N

X(J)= X{(J)*0.3048

TP(J)= TP(J}/1.8

TWPLJI )= TWP(J)/1.8

CONTINUE

GAS= GAS * 0.4535524

Q =0 % 1C54.3503

V(L) = V(1) * 0.3048

GASCHK= GASCHK * (0.4535924%
GSRATE= GSRATE * 0.4535%24
WRITE (€6£4300) TIME,GAS,Q,Vv{1)
WRITE {€y305) GASCHKyGSRATE »V{(NP)
WRITE (€&,210)

WRITE (€9311) (XCJ)THP{JI) s TP(J) »d=1,N)}
CONTINUE

DO 211 J=1,4N

X(J) = X(J4)/.3048

TP{J) = TP(J) * 1.8

TWP(J) = TWPLJ) * 1.8
CONTINULE

GAS = CAS/.4535%24

0 = Q/1054.3503
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300

335

310

311

80

V(1) = V(1)/.2C48

GASCHK = GASLHK/,4535G24
GSRATE = GSPATE/.4%35924
RETURN

FORMAT (1HL/1HL,9H TIME = F6.2,9H SECUONDS5 Xy17H GAS SUPPLIED =
1 FT.445k LBS,EXy17TH HEAT TO WALL = F8.1,5H BTU,5X,14H INLET VE
2L = Fé6.4410H FEET/SEC)

FORMAT (1HK,1€Xy17TH CHECK CN GAS = FT7.3,5H LBSyS5Xy13H GAS FLOW
1= F7.4ySH LBS/SECy)SEX,y15H OUTLET VEL = F6.4410H FEET/SEC)

FORMAT (1HK, LOH Xy FEET2X,11H WALL T(R},11H GAS T (R)y7Xy10H
L Xy FEET,2Xy 11H WALL T(R),11H GAS T(R)I¢7X410H X, FEETy2X,y11H
2 WALL T(R},11H GAS T(R)/1X)

FORMAT (F1l0e29F12e19F12e19F17e29Fl2e1yFl2.14F17.29F12.14F12.1)

FORMAT (1HL/1FL,9H TIME = F6.1,SH SECONDS,5Xs16H CAS SUPPLIED =
1F7, 4y S+ KILOGKAM,y IXy17TH HEAT TC WALL = E1ll.4,6H JOULE,1X, 14H INL
2ET VEL = Fb.4,10H METER/SEC)

FORMAT (1HK,16Xy17TH CHECK ON GAS = FT7.394H KGy6Xy13H GAS FLOW =
1 F7.44SH KGS/SEC,SX,15H OUTLET VEL = F6.4,11H METER/SEC)

FORMAT (1+K,10F Xy, METER,1X,13H WALL TEMP=K,l4H GAS T EMP-K, 3X
1, 10H X, METER, 1Xy13H WALL TEMP-=K,l4H GAS TEMP-Ky3X,10H X, ME
2TER,1X,12F WALL TEMP-K,14H GAS TEMP-K/1X}

FORIMAT (F10e29F12e19F 121 yF1Te29FLl2s143F12.14Fl7e2,F12.14F12a41)

END
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Define first

Three cards specify
problem definition

Atime

Interpolate

NAMELIST:
basic parameters -
configuration

ullage
temperatures

Calculate volume
element

See 15 data entries -
input variables

characteristics

Compute velocity
distribution
based on
initial condition

Complete prob-
lem identifica-
tion and initial
calcutations

Find temperatures
at new time

[}

Compute heat transfer
to wall, liquid, and
hardware

If time limit is
exceeded, back up.
Print results.

Interpolate
compressibility
factors

Calculate
velocity at
new time

l

Compute gas flow rate
and
total gas added

i

Advance the
interface one
net point

Cail subroutines

Figure 3. - Logic diagram of expulsion program.
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NAMELIST data en-
tries; select net
points and time

increment
g—
-]
Interpolate for gas
Reduce and wall temper-
time ature distribution
step in ullage
t
Compute velocity
based on temper-
ature distribution
Velocity
instability
negative
. Do loop
Error within for error
limit - proceed
Path A Path B
Make temperature Error not
convergence test acceptable
Gas temperature &
greater than Continue
Continue \Jboundary - print iteration
Total gas . -
added up Print velocities | First limit
for new time Print velocities
] time in ramp, and » [ End limit
Heat flow rate gas temperatures
to wall and Print error
total added magnitude

{

Check to see
if end of
fime
Yes

Options:
(1) Continue program
(2) Terminate

I

Select the same
or new value
At

‘ Continue

Figure 4.

- Logic diagram of ramp program.
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